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Abstract 

This research work describes a novel flow-through all-solid-state potentiometric device that 

consists of solid-contact ion-selective electrodes and a solid-state planar reference electrode. 

The device is capable of measuring ionic concentrations in small sample volumes. Planar 

potassium ion-selective electrodes (K-ISEs) and chloride ion-selective electrodes (Cl-ISEs) 

were made using carbon cloth (CC) as ion-to-electron signal transducer (CC-ISEs). Polyvinyl 

butyral/sodium chloride (PVB/NaCl)-based and polyvinyl acetate/potassium chloride 

(PVAc/KCl) composite-based reference electrodes were prepared using silver/silver chloride 

disk electrodes and characterized. The PVAc/KCl composite-based reference electrode showed 

superior performance and was selected for use in the flow-through device. Carbon cloth and 

polycarbonate (PC) were tested as substrates for the fabrication of the planar PVAc/KCl 

composite-based reference electrode. The reference electrode made using the CC substrate 

(CC-RE) performed well when used with either an external commercial reference electrode or 

a chloride ion-selective electrode. However, the construction and assembly of the CC-RE made 

it perform poorly when combined with a CC-ISE in one cell. The PC-based reference electrode 

(PC-RE) solved the issues associated with the CC-RE and performed well when combined with 

CC-ISEs in the complete flow-through potentiometric device. When measured against the PC-

RE, the potassium and chloride CC-ISEs (K- and Cl-ISEs) consistently showed fast and stable 

near-Nernstian responses, good R2 values, and high within-day repeatability in the 10–3 M to 

10–1 M KCl concentration range. The use of valinomycin as ionophore in the studied K-ISEs 

resulted in excellent selectivity for the electrodes in the presence of interfering ions such as 

Na+, Mg+, and Ca2+. Whereas the Cl-ISEs based on the ion exchanger 

tridodecylmethylammonium chloride (TDMAC) showed relatively poor selectivity in the 

presence of interfering ions such as bicarbonate (HCO3–) and lactate (C3H5O3
–). These ions 

were selected for the selectivity measurements due to their significant presence in sweat 

samples that are meant to be measured using the flow-through device. The standard potentials 

of both potassium and chloride CC-ISEs demonstrated poor reproducibility in 

between-electrode and between-day measurements. Results from the electrochemical 

impedance spectroscopy measurements, carried out using the K-ISEs, showed that the 

resistance of the valinomycin-based potassium ion-selective membrane (ISM) is relatively high 

in these electrodes compared to the values reported in the literature.  In addition, electrodes 

made in a similar way and are supposed to be identical exhibited different values of ISM 

resistance. This can be attributed to errors in the manual fabrication of the electrodes. Despite 
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the high (charge transfer) resistance values of the ISMs, the CC-ISEs showed fast and relatively 

stable potentiometric responses. 

 

Keywords: Flow-through cell; Potentiometric sensing; Planar solid-contact ion-selective 

electrodes; Planar solid-state reference electrodes
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1 Introduction 

Wearable sensors/devices, also referred to as wearables, have experienced widespread 

adoption, evidenced by over 400 million units shipped annually in the last three years[1]. 

Biological samples such as sweat and interstitial fluid contain analytes such as potassium and 

chloride ions; real-time continuous measurement of their concentrations could provide relevant 

information for health monitoring[2, 3]. 

Loss of potassium through sweating could result in hypokalaemia, increasing the risk for 

hypertension[4] and sweat chloride testing is a standard method for diagnosing cystic fibrosis[5]. 

Typical concentrations of potassium and chloride ions in sweat (2 mM to 8 mM and 10 mM to 

90 mM[6], respectively) are high enough for reliable detection by the conventional 

potentiometry technique[7]. One advantage of potentiometry as an analytical technique is its 

simplicity. Requiring only a potentiometer to measure the potential difference between the 

ion-selective electrode (ISE) and reference electrode makes its implementation in wearables 

more feasible. However, challenges in developing miniaturised solid-state potentiometric 

devices still need to be overcome. 

One issue with most well-performing sweat sensing devices in the literature[8, 9] is the use of a 

silver/silver chloride (Ag/AgCl) reference electrode with low chloride salt concentrations. This 

results in unstable responses and shorter electrode lifetime. Another issue is the typical planar 

construction of most developed sweat-sensing devices. This construction typically requires 

additional sweat sampling devices to address the challenge of mixing old and fresh samples 

during continuous measurement[10, 11]. 

This thesis aims to demonstrate a proof-of-concept for a planar flow-through device operating 

with a solid-state Ag/AgCl reference electrode, with a higher chloride salt concentration needed 

for stable potential, together with two ISEs. The flow-through design inherently solves the 

sampling challenge without requiring an additional sampling device. Additionally, using a 

flow-through design could allow for isolating the sensing components, preventing direct skin 

contact, while measuring smaller sample volumes than in the typical planar designs. 

In a previous work, potassium ion-selective electrode (K-ISE) in a flow-through cell was used 

with an external commercial reference electrode[12, 13]. The work in this thesis builds upon that 

work by integrating a planar solid-state reference electrode in the sensing platform. In addition 
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to the previously used K-ISE, a chloride ion-selective electrode (Cl-ISE) was also introduced 

in this study for a true flow-through operation. The developed solid-state device can reliably 

and continuously measure ion concentrations in small fluid volumes. The use of flexible carbon 

cloth as the ion-to-electron transducer in both K- and Cl-ISEs, promotes the design's usability 

in wearables. Based on the work done during this thesis, printing technologies could later be 

used for more reproducible and larger-scale production of smaller ion sensing devices. 

The first stage of the experimental work carried out in this thesis involved testing different 

solid-state reference electrodes for possible use in the flow-through device. The second stage 

focused on designing a planar solid-state reference electrode based on a polymer/inorganic salt 

composite[14, 15] and combining it with potassium and chloride ISEs. In the final stage, the 

performance of the whole flow-through device was studied and evaluated. 

The following pages provide a written statement of the experimental work as well as the 

theoretical framework it is based on. Section 2 provides a general overview of chemical sensors 

and potentiometric sensing. Section 3 provides more specific details on the experimental setup 

and flow-through cell designs used throughout this thesis work. Sections 4 and 5 give an 

evaluation of the obtained results.
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2 Theoretical Background 

Ears, eyes, nose, skin, and tongue, the five primary sensors in the human body, can detect 

certain stimuli (changes and properties) in our immediate environment. Although the evolution 

of our sensory system has let us survive and thrive in our environment, changes in our world 

are significantly outpacing our evolutionary capacity. That is why developing sensors with 

capabilities extending beyond us is required. The developed sensors fall into two broad 

categories: physical and chemical, which respond to physical and chemical changes, 

respectively. Physical sensors such as mass balances and thermometers are the most familiar 

ones in everyday life. Though, the discussion of chemical sensors is most relevant to this thesis. 

2.1 Chemical Sensors 

Chemical sensors are developed to convert the chemical information from their environment 

into a readable output signal[16]. As schematically shown in Figure 1, chemical interactions at 

a receptor in the chemical sensor are converted into a physical quantity through a 

transduction step. The response of the physical quantity to changes in the chemical 

environment may be high enough to be measured reliably, but sometimes, it is so low that an 

amplification step is used to record a reliable signal. The final step is information processing, 

which should give some description of the sensor’s chemical environment[17, 18]. 

 

Figure 1. Schematic illustration of the elements in a chemical sensor and the processes involved in the 

system. 
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Receptors can be grouped according to the analyte type they recognise[18] or their selectivity 

method[17] (Table 1). 

Table 1. Classification of receptors used in chemical sensors. 

Analyte Types Selectivity Methods 

- Ionic 

- Molecular  

- Biological 

- Equilibrium-based 

- Kinetic-based 

- Mass transport 

Although receptors are important for analyte recognition, chemical sensors are primarily 

classified based on their transducer element. The main groups are[16]: 

i) Electrochemical sensors: The chemical nature of the sample induces a change in 

electrical properties such as potential, current, and conductivity. 

ii) Optical sensors: Optical properties such as reflectance, absorbance, and 

transmittance are related to the sample's chemical composition. 

iii) Mass sensors: A change in mass at the receptor is used to identify and quantify 

analyte binding. 

iv) Thermal sensors: The amount of heat generated or absorbed is related to the 

chemical entities present. 

This thesis's focus, potentiometric ion sensors or ion-selective electrodes (ISEs), falls under the 

electrochemical sensors group with receptors that respond to ionic analytes. The signal in a 

potentiometric ion sensor setup is the potential between the ISE and a reference electrode 

measured under the condition of zero current.[17]. 

2.2 Ion-Selective Electrodes 

An ion-selective electrode (ISE) is an indicator electrode that preferentially responds to a 

specific ion in the sample and converts the concentration (activity) of the ion into a measurable 

electrical potential signal. Although potentiometry can be applied to detect neutral species[17], 

the fundamental principle of operation relies on ionic detection.[18]. For targeted ion detection, 

especially in the presence of other ions, an ion-selective membrane (ISM) is used to ensure that 

the potential depends only on the activity of the target ion in the sample. The membrane 

potential will depend on the phase boundary potential at the ISM│sample solution interface[19]. 
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The most common sensor based on potentiometry is the pH glass electrode which was invented 

in 1906, making it the first device in the history of ISEs[17]. Since then, other ISEs have been 

developed for a wide range of analytes and applications. Examples of such applications and 

analytes are blood serum analysis (pH, K+, Cl−), environmental monitoring (pH, Pb2+, NO3
−), 

and power station operations (pH, Na+)[20].  

Primary ISEs, designed to detect their target analyte ions in the sample, can be classified into 

three main types based on their ISM – glass, solid-state membrane, and liquid membrane 

electrodes[21, 22]. Liquid membrane-based electrodes are the most versatile type that can detect 

a wide range of analytes by varying the membrane components. 

Composition of Liquid Membranes 

The most important part of an ISE is the ISM. The membrane components should be highly 

hydrophobic (assuming measurements are done in aqueous samples) to prevent leaching of the 

membrane components. On the other hand, the membrane should be selectively permeable to 

allow the inflow of the analyte ion. The so-called solvent polymeric membrane is one kind of 

ion-selective membranes, which usually consists of a poly(vinyl) chloride (PVC) (Figure 2a) 

matrix containing a neutral ionophore or an ion exchanger that makes the membrane selective 

to a certain ion. 

Ionophores are macrocyclic molecules or crown ethers which bind reversibly to their analytes. 

A proper ionophore reversibly binds the analyte ion and forms a strong complex, resulting in a 

potential across the membrane. Ionophores have been developed and used in membranes for 

ion-selective sensing of a wide range of analytes[17]. One ionophore that has shown very 

impressive performance in previous research is valinomycin (Figure 2b), utilized for potassium 

ion sensing[23]. When a neutral ionophore (such as valinomycin) is used in the membrane, a 

lipophilic salt such as potassium tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (KTFPB) 

(Figure 2c) is added to ensure the permselectivity of the ISM. This means preventing 

interference from counter ions (Donnan exclusion) in order to have an efficient electrode 

performance. The selectivity improvement comes from decreased membrane resistance and 

decreased interference from non-analyte ions. The lipophilic salt-to-ionophore ratio is chosen 

to be high enough to improve selectivity while being low enough to prevent significant ion 

exchange behaviour by the salt[24]. Other components are also added to improve the physical 

and mechanical properties of the membrane. One of these components is the plasticiser, such 

as bis(2-ethylhexyl) sebacate, also known as dioctyl sebacate (DOS) (Figure 2d)  and 
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2-nitrophenyl octyl ether (oNPOE) (Figure 2e) which are used to make the membrane more 

flexible and durable[25]. 

In the case of ion exchangers, the analyte ions in the sample replace mobile ions with the same 

charge in the membrane. The ideally selective ionic exchange results in a potential across the 

membrane proportional to the analyte’s activity[17]. Tridodecylmethylammonium 

chloride (TDMAC) (Figure 2f) is a chloride anion exchanger used to prepare chloride ISEs. 

All the membrane components are dissolved in an organic solvent with a low boiling point, 

such as tetrahydrofuran (THF) (Figure 2g). 

 

Figure 2. 2D chemical structures of some PVC-based ISM components. a) Poly(vinyl) chloride[26] b) 

Valinomycin[27] c) Potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate[28] d) Bis(2-ethylhexyl) 

sebacate[29] e) 2-Nitrophenyl octyl ether[30] f) Tridodecylmethylammonium chloride[31] g) 

Tetrahydrofuran[32]. 

a) 

g) 

b) c) 

d) e) 

f) 
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2.2.1 Signal Transduction in Ion-Selective Electrodes 

In ion-selective electrodes, the signal transduction element is 

necessary to convert ionic responses to electronic signals. In a 

conventional ISE (Figure 3), an ion-selective membrane is 

attached to the end of a tube filled with an inner filling solution 

that functions as a charge carrier between the ISM and the inner 

reference electrode. 

The ion-to-electron transduction mechanism in a conventional 

ISE is based on electrodes of the second kind where a metal 

electrode is coated with an insoluble/sparingly soluble salt of the 

metal. The Ag/AgCl electrode is the most common electrode 

based on this mechanism. With all other variables constant, the electric potential of this 

electrode (𝐸Ag Ag+⁄ ) depends only on the chloride ion activity (𝑎Cl−) of the inner filling solution 

in contact with the electrode (𝐸𝑞 2.1)[17]. Hence, if the chloride ion activity of the inner filling 

solution is kept constant, the electric potential of the electrode is constant. 

𝐸Ag Ag+⁄ = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 −
𝑅 ∙ 𝑇

𝐹
∙ 𝑙𝑛 𝑎Cl− (𝐸𝑞 2. 1) 

R is the universal gas constant (8.314 J∙mol−1∙K−1), T is the absolute temperature, and F is the 

Faraday constant (96 485.33 C∙mol−1). 

The inner filling solution also contains a constant activity of the analyte ion resulting in a 

constant potential across the inner filling solution│ISM interface. The chloride ion equilibrium 

at the Ag/AgCl│inner filling solution interface and the overall Ag/AgCl electrode reaction 

(𝐸𝑞 2.2) are responsible for the ion-to-electron transduction (Figure 4a). 

AgCl(s) + e− ⇌ Ag(s) + Cl− (𝐸𝑞 2. 2) 

However, the presence of inner filling solution in the structure of conventional ISEs gives rise 

to some significant drawbacks such as inability to use the electrode in different positions 

because the solution must remain in contact with the ISM, evaporation of the filling solution, 

and difficulty to miniaturise. For these reasons, advances in sensors research have tried to 

replace the inner filling solutions with solid-contact transducers. This is a significant step 

towards miniaturised and more robust electrochemical sensors[33, 34]. Introducing the coated-

wire electrode (CWE), and later the solid-contact ISE (SCISE) concept opened a new route 

towards the construction of robust, maintenance-free, and reliable all-solid-state ISEs. In the 

Figure 3. Schematic 

illustration of a conventional 

ion-selective electrode. 
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case of a CWE[35, 36], the ISM is directly attached to the surface of an electronic conductor such 

as platinum, copper, or glassy carbon. The CWEs operate according to a double-layer 

capacitance mechanism (Figure 4b). Irreproducibility and drift of the potential are among the 

drawbacks of the CWE that were attributed to the high charge-transfer resistance at the 

conducting substrate│ISM interface[17]. To solve these problems, a solid layer between the ISM 

and the electronic conductor was used in the SCISEs for ion-to-electron transduction. Different 

materials such as porous and nanostructured carbon materials, e.g., macroporous carbon[37], 

carbon nanotubes (CNTs)[38], graphene[39], fullerenes[40], and carbon cloth[41] have been used 

for this purpose. When using these materials as solid contact, the ion-to-electron signal 

transduction mechanism is also ascribed to the formation of an electrical double layer between 

the ISM and the solid contact layer (Figure 4b). However, the high surface area provided by 

the carbon materials results in an amplified double layer capacitance. Furthermore, other 

materials such as conducting polymers (CPs) and functionalised CPs were used as ion-to-

electron transducers for preparing SCISEs[42, 43]. In this case, the ion-to-electron transduction 

process is based on the electronic conductivity and high redox capacitance of these materials 

(Figure 4c and Figure 4d). 

 

Figure 4. Ion-to-electron transduction mechanism in a) ISE with inner filling solution; b) coated wire 

electrode and ISE with high surface area carbon materials as solid contact; c) conducting polymer-based 

ISE; d) functionalised conducting polymer-based ISE. L: ionophore; R−: Lipophilic anion; C+: cationic 

analyte; nC+: cationic non-analyte (matrix component); nC−: anionic non-analyte (matrix component); 

CP: conducting polymer; A−: anionic dopant; e−: electron. 

a) 

c) d) 

b) 
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2.3 Reference Electrodes 

2.3.1 Conventional Reference Electrodes 

In an electrochemical measurement, the reference electrode is a crucial component that 

establishes precise, stable, and reproducible potentials independent of the composition of the 

sample[44]. 

The fundamental reference electrode is the standard hydrogen electrode (SHE), an ideal 

electrode consisting of hydrogen gas at 1 atm bubbled through a solution in which the hydrogen 

ion activity is 1. This electrode has a defined standard potential of 0 V at all temperatures. The 

standard reduction potential of other electrodes and redox couples are defined against the SHE. 

However, the SHE is impractical for real-life scenarios; hence other reference electrodes are 

used. 

The two most common practical conventional reference electrodes, the mercury/mercurous 

chloride (calomel) electrode and the silver/silver chloride (Ag/AgCl) electrode both operate as 

electrodes of the second kind (𝐸𝑞 2.2). Due to the toxic nature of mercury, the Ag/AgCl 

reference electrode is more favoured. 

Silver/Silver Chloride Reference Electrode 

The Ag/AgCl reference electrode consists of silver chloride on a 

silver wire in contact with a solution of chloride ions, typically 

potassium chloride (KCl) (Figure 5). The activity of chloride ion 

in the solution determines the potential of the electrode (𝐸𝑞 2.1). 

A porous frit serves as a salt bridge between the inner filling 

solution and the sample solution in which the reference electrode 

is immersed in. The potassium chloride solution is used as inner 

filling solution because of the similar mobilities of potassium and 

chloride ions[45]. The similar mobilities helps to minimise the 

liquid-junction potential (LJP) (2.4). 

2.3.2 Solid-State Reference Electrodes 

A conventional reference electrode such as the Ag/AgCl/3M KCl, with the inner filling solution 

as a basic component, has several drawbacks which makes it expensive to manufacture and 

difficult to maintain and miniaturise[45]. To move away from the conventional reference 

electrode, some suggestions based on the Ag/AgCl electrode have been proposed. The 

Figure 5. Schematic 

illustration of a conventional 

silver/silver chloride reference 

electrode. 
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Ag/AgCl electrode has been the foundation for these proposals due to its high exchange current 

density, low polarizability, simplicity, and cheapness[46]. Some key challenges an ideal 

solid-state reference electrode should address, especially for miniaturisation are: 

- Sufficient silver and silver chloride for the expected electrode lifetime. 

- Sufficient chloride concentration in the solid layer in contact with the Ag/AgCl layer. 

- Large enough surface area of the electrode in contact with the sample for higher 

stability of the potentiometric response. 

- Slow but adequate ion flux from the solid layer into the sample to avoid significant 

depletion of chloride ions in the solid layer and contamination of the sample. 

Examples of effective strategies to achieve a reliable solid-state reference electrode include: 

- Ag/AgCl electrode in a vinyl ester resin doped with KCl[47] 

- Lipophilic salts in a PVC membrane drop cast onto an Ag/AgCl electrode[48] 

- PVC membrane containing ionic liquids on planar Ag/AgCl electrodes[49] 

- Polyvinyl butyral (PVB) membrane containing sodium chloride (NaCl) on planar 

Ag/AgCl electrodes[8, 9] 

- Ag/AgCl within a polymer matrix containing KCl[14, 15] 

PVB-Based Planar Reference Electrode 

One method for maintaining stable chloride concentration in miniaturised reference electrodes 

uses NaCl within a PVB membrane[8, 9]. Methanol, a quick-evaporating solvent, was used for 

making the membrane cocktail. However, the solubility of NaCl in methanol is relatively low 

(1.40 g/100) vs. 36.0 g/100 g in water, at 25 ℃[50]; therefore, the concentration of chloride 

within the membrane is also low. The low solubility and unequal mobilities of sodium and 

chloride ions results in unstable long-term potentials and potential drift during measurement. 

For this reason, research was done to minimise the drift by adding an adsorption barrier such 

as CNTs which reduce the ion flux[51, 52].  
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Solid-state Composite Reference Electrode 

In this type of solid-state reference electrode, the KCl filling 

solution in the conventional Ag/AgCl reference electrode is 

replaced by a polymer/inorganic salt composite (Figure 6). An 

Ag/AgCl wire is inserted in the polymer matrix as the reference 

element. The polymer (such as polyvinyl acetate)/inorganic salt 

(KCl) composite maintains the chloride concentration needed for 

stable and reproducible potentials and acts also as a contact with the 

sample solution. The sufficient chloride concentration offered by 

this design resulted in a good analytical performance in terms of 

potential stability, even with varying sample composition. The 

ability to use the electrode in any position, minimal need for maintenance, low salt leakage 

from the composite, and ease of manufacturing make the electrode design very robust and 

reliable. The electrode can be prepared by chemical polymerisation[14] or injection moulding[15]. 

2.4 Working Principle of Potentiometry 

Potentiometry is an electroanalytical technique whose 

simplicity has made it one of the most widely used 

analytical techniques[53]. The technique measures the 

potential difference between one or more indicator 

electrodes and a reference electrode at equilibrium 

(Figure 7). At equilibrium, the net current flowing between 

the electrodes is negligible (virtually zero), and hence, no 

redox reactions contribute to the measured potential 

difference. The equilibrium condition is achieved using a 

high input impedance potentiometer, which draws very 

little current, to measure the potential difference[22]. The 

magnitude of the measured potential in a typical electrochemical cell depends on three 

parameters: 

- Indicator electrode potential: The indicator electrode in contact with the sample 

solution has a potential, Eind, which depends on the analyte activity. 

Figure 6. Schematic 

illustration of a solid-state 

composite reference 

electrode. 

Figure 7. Simplified illustration of a 

potentiometric measurement setup. 
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- Reference electrode potential: The reference electrode has a potential, Eref, which is 

(ideally) constant and independent of the sample composition and analyte activity. 

- Liquid-junction potential (LJP): It develops at a liquid junction, an interface between 

two dissimilar solutions. The liquid junction creates electrical contact by allowing the 

slow exchange of ions between the reference and sample solutions[54]. Different ionic 

mobilities across the junction results in a potential, Ej, which can be modelled with the 

Henderson equation[54]. In practice, conventional potentiometry uses high concentration 

inner filling solutions with ions of similar mobilities (e.g., potassium chloride and 

lithium acetate in conventional Ag/AgCl reference electrodes) to minimise the LJP 

which allows it to be considered as negligible[45, 55]. However, estimation might be 

necessary in certain conditions such as measurements at low/trace concentrations. 

The potentials described above are related to the net potential of the electrochemical cell, Ecell, 

measured by the potentiometer, using the equation below[22]: 

𝐸cell = 𝐸ind − 𝐸ref + 𝐸j (𝐸𝑞 2. 3) 

As mentioned earlier, the electrical potential of an ISE in a potentiometric cell is measured at 

equilibrium conditions against a reference electrode (Figure 8). 

 

Figure 8. Schematic illustration of a potentiometric measurement setup using solid-state reference and 

ion-selective electrodes. 

It should be noted that ISEs do not respond to ionic concentration, amount per unit volume of 

sample; rather, they respond to ionic activity. Activity depends on concentration and the 
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interaction between all ions present in the sample. The interactions quantified by the activity 

coefficient (𝛾i) are related to concentration (Ci) and activity (ai) of an ion i by the equation 

below: 

𝑎𝑖 = 𝛾𝑖 ∙ 𝐶𝑖  (𝐸𝑞 2. 4) 

The activity coefficient is derived from the limiting law of the Debye-Hückel theory 

(𝐸𝑞 2.5)[56]. 

𝑙𝑜𝑔 𝛾𝑖 = −
𝐴 ∙ 𝑧𝑖

2 ∙ √𝐽

1 + 𝑎Kjel,𝑖 ∙ 𝐵 ∙ √𝐽
 (𝐸𝑞 2. 5) 

A and B are constants which depend on the dielectric constant and temperature of the sample. 

In aqueous samples at 25 ℃, A = 0.512 and B = 0.328. The parameters zi and aKjel,i are the 

charge and Kjelland parameter of an ion, i, in the sample. The concentration of all ions in the 

sample is accounted for by the ionic strength (J) which is calculated using the equation below: 

𝐽 =
1

2
∑ 𝐶𝑖 ∙ 𝑧𝑖

2

𝑛

𝑖=1

 (𝐸𝑞 2. 6) 

The measured potential during potentiometry is a net sum of all contributing phase boundary 

potentials. In an ideal potentiometric setup, all potentials are constant except the membrane 

potential (Emembrane) which changes in response to analyte activity in the sample. Emembrane is the 

potential across the ISM│sample interface[19]. The relationship between the net cell potential 

(Ecell) and the analyte activity (ai) is described by the Nernst equation (𝐸𝑞 2.7) . When 

interfering ions are present in the sample, the overall potential from the Nikolsky-Eisenman 

equation (𝐸𝑞 2.8) considers their selectivity coefficients with respect to the analyte (Ki,j)
[21]. 

𝐸cell = 𝐸0 +
2.303 ∙ 𝑅 ∙ 𝑇

𝑛𝑖 ∙ 𝐹
∙ log 𝑎𝑖 (𝐸𝑞 2. 7) 

𝐸cell = 𝐸0 +
2.303 ∙ 𝑅 ∙ 𝑇

𝑛𝑖 ∙ 𝐹
∙ log(𝑎𝑖 + 𝑎𝑗

𝑧𝑖 𝑧𝑗⁄ ∙ 𝐾𝑖,𝑗) (𝐸𝑞 2. 8) 

𝐾𝑖,𝑗 = 10
(𝐸𝑗−𝐸𝑖)∙𝑧𝑖∙𝐹

2.303∙𝑅∙𝑇 ∙
𝑎𝑖

𝑎𝑗
𝑧𝑖 𝑧𝑗⁄

(𝐸𝑞 2. 9) 
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E0 is the standard potential of the cell which depends on the characteristics of both indicator 

and reference electrodes. R is the universal gas constant (8.314 J∙mol−1∙K−1), T is the absolute 

temperature, and F is the Faraday constant (96 485.33 C∙mol−1). The parameters zi and zj are 

the charges of the primary ion (i) and interfering ion (j), respectively. The parameters ai and aj 

are the activities of the primary ion (i) and interfering ion (j), respectively. 

The selectivity coefficient, Ki,j, can be determined using the fixed interference method (FIM), 

separate solution method (SSM)[21] or matched potential method[57]. Ki,j is calculated using the 

SSM according to equation (𝐸𝑞 2.9)[58].  

Equation (𝐸𝑞 2.7) mirrors the standard equation of a 

straight line and is used for determining the slope of 

the linear part in the calibration curve of an ISE. The 

Nernstian slope of the linear region in the calibration 

curve of an ideal monovalent ISE at 25 ℃ is 

59.16 mV/decade for a cationic ISE and 

−59.16 mV/decade for an anionic ISE (Figure 9). 

Significant deviations from the Nernstian slope can 

indicate problems with an ISE. In practice, non-

Nernstian slopes are observed due to factors such as components leaching out of the membrane, 

strongly interfering ions, membrane thickness, and water layer formation[59, 60]. 

2.5 Current State of the Flow-Through ISEs 

Flow-through analysis allows for continuous measurement of analyte concentrations and can 

be particularly useful when combined with potentiometric analysis. The short response times 

of ISEs make them very suitable for rapid and continuous flow-through analysis in different 

fields such as environmental[61], industrial[62], and clinical[63]. In a flow-through setup, the 

sample solution is in contact with the reference electrode and one or more ISEs.  

A good commercial example is the Thermo Scientific Konelab 20, capable of measuring the 

concentration of ions such as Na+, K+, Cl−, and Li+ in biofluids using ISEs[64, 65]. The device 

can measure volumes as low as 100 μl. However, the measurements are done instrumentally 

after taking the samples from patients. Such device is not intended for real-time measurements, 

a gap the work from this thesis aims to narrow. The advantages of a flow-through setup for 

Figure 9. Schematic illustration of the 

ideal Nernstian response of monovalent 

ion-selective electrodes. 



 15 

microscale sensing have only been slightly explored[49, 66], leaving much room for 

improvement. 

An on-body device which takes advantage of the continuous and fast real-time sensing offered 

by flow-through ISEs could be very beneficial to different aspects of medicine. Monitoring 

specific ions such as Na+, K+, and Cl−, in an easily accessible sample like sweat could provide 

relevant health information such as hydration status and electrolyte balance that can be acted 

upon by patients immediately. In addition, long-term monitoring could allow for early 

diagnosis of bigger health issues such as hypertension and cystic fibrosis[67]. 

2.6 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) is an analytical technique used to study the 

kinetic processes of electrochemical systems. Impedance is a measure of how current flow is 

restricted in a circuit. A small oscillating signal, typically potential, is applied to the 

electrochemical cell and the corresponding response, typically current, is measured across a 

broad range of frequencies. At each frequency point, the sinusoidal response is shifted by a 

phase angle () from the sinusoidal input. Equations (𝐸𝑞 2.10) and (𝐸𝑞 2.11) show the input 

and output signals for a galvanostatic EIS, respectively. The impedance (Z) is a ratio of the 

time-dependent potential (Et) to the time-dependent current (It) (𝐸𝑞 2.12)[68]. 

𝐸𝑡 = 𝐸0 ∙ sin(𝜔𝑡) (𝐸𝑞 2. 10) 

𝐼𝑡 = 𝐼0 ∙ sin(𝜔𝑡 + 𝜑) (𝐸𝑞 2. 11) 

𝑍 =
𝐸𝑡

𝐼𝑡
= 𝑍0 ∙

sin(𝜔𝑡)

sin(𝜔𝑡 + 𝜑)
(𝐸𝑞 2. 12) 

When the input potential and current response are expressed as complex functions ((𝐸𝑞 2.13) 

and (𝐸𝑞 2.14)), the impedance (Z) can be seen to consist of a real component (Z') and 

imaginary component (Z'') (𝐸𝑞 2.15) and (𝐸𝑞 2.16)[68]. 

𝐸𝑡 = 𝐸0 ∙ exp(𝑗𝜔𝑡) (𝐸𝑞 2. 13) 

𝐼𝑡 = 𝐼0 ∙ exp(𝑗𝜔𝑡 + 𝜑) (𝐸𝑞 2. 14) 

𝑍 = 𝑍0 ∙ exp(𝑗𝜑) = 𝑍0 ∙ (𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑) (𝐸𝑞 2. 15) 
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𝑍 = 𝑍′ + 𝑗 ∙ 𝑍′′ (𝐸𝑞 2. 16) 

Where 𝑗 = √−1 is the imaginary number, E0 and I0 are amplitudes of the applied potential and 

current response, respectively. ω is the radial (or angular) frequency measured in rad/s. Z0 is 

the magnitude of the impedance and t is time. 

For visual representation of the EIS results, Bode and Nyquist plots are used. Bode plots display 

the logarithm of the impedance and the phase angle versus the logarithm of the frequency. 

Nyquist plots display the negative of the imaginary component of the impedance, −Z'', versus 

the real component of the impedance, Z'. For studying the resistance of ISMs, the Nyquist plots 

are typically used as they can easily be correlated to Randles equivalent circuits (Figure 10). A 

Randles equivalent circuit uses electrical components such as resistors and capacitors to model 

the electrochemical processes in a system[69]. 

An ideal ISM can be modelled with an ideal Randles circuit (Figure 10)[69, 70], where the 

solution resistance (Rs) is often negligible compared to the other elements of the equivalent 

circuit[71]. Rct corresponds to the width of the semicircle and represents the charge transfer 

resistance of the membrane. Cdl is the double-layer capacitance and ZW is the Warburg 

impedance which describes diffusion, signal transduction, and other slower processes observed 

at low-frequency ranges[69]. 

 

Figure 10. Schematic representation of the ideal Nyquist plot of an ISM and the corresponding Randles 

equivalent circuit. 
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3 Experimental 

3.1 Chemicals and Materials 

AgCl-saturated 3 M KCl solution was purchased from Mettler Toledo. Lithium acetate 

dihydrate (LiOAc∙2H2O, 98%) was purchased from Acros Organics. Polyvinyl butyral (PVB), 

tetrahydrofuran (THF, ≥99.5%), methanol (≥99%), vinyl acetate monomer (VAc, ≥99%), 

photo-initiator 2,2-dimethoxy-2-phenylacetophenone (DMPP, 99%), multiwalled carbon 

nanotube (MWCNT, carbon >95%), potassium chloride (KCl, ≥99.0%), Ag/AgCl (60/40) 

paste for screen printing, high molecular weight polyvinyl chloride (PVC), potassium 

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

(KTFPB), bis(2-ethylhexyl) sebacate (DOS, ≥97%), 2-nitrophenyl octyl ether (oNPOE, 99%), 

sodium bicarbonate (NaHCO3, ≥99.5%), and L-(+)-lactic acid lithium salt (C3H5LiO3, 97%) 

were purchased from Sigma-Aldrich. Polyvinyl acetate (PVAc) powder was obtained from 

Wacker (Vinnapas B60 Finely ground). Sodium chloride (NaCl, ≥99.5%) and magnesium 

chloride hexahydrate (MgCl2∙6H2O, ≥99.5%) were purchased from Merck. Calcium chloride 

dihydrate (CaCl2∙2H2O, ≥99%) and tridodecylmethylammonium chloride (TDMAC, 98%) 

were purchased from Fluka Chemicals. Carbon cloth (CC) (Kynol® activated carbon fabric 

ACC-5092–20) was purchased from Kynol Europa. Gold wire (24 carats, 1 mm diameter) was 

purchased from City Gold, Turku. Polycarbonate (PC) sheet was purchased from ETRA Oy. 

Silver wire (99.99%, 1 mm diameter) was purchased from Kultajousi, Turku. Ultrapure water 

(ELGA, 18.2 MΩ cm) was used to prepare all aqueous solutions. 

3.2 Instrumentation 

The galvanostatic chlorination was done using a Metrohm Type E 211 coulometer. 

Potentiometric measurements were done using a 16-channel high input impedance 

potentiometer (1015 Ω, Lawson Laboratories) and EMF Suite 2 software. A commercial double-

junction Ag/AgCl/3 M KCl reference electrode (6.0726.100 Metrohm) with 1 M lithium 

acetate (LiOAc) outer filling solution was used in the potentiometric measurements. A 

commercial solid-state chloride-ion-selective electrode (Orion 9417BN, Thermo Scientific) 

was used in the potentiometric measurements as an external ion-selective electrode. 
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Chemical polymerisation was done with a UV lamp (NAIL-EON), delivering 36 watts of UV 

(365 nm) light. 

A peristaltic pump (FIAlab Instruments, Alitea AB) was used to pump the samples during flow-

through measurements.  

Electrochemical Impedance Spectra (EIS) measurements were done in a three-electrode set-up 

using Autolab General Purpose Electrochemical System (AUT20.FRA2-Autolab, Eco Chemie) 

and the Autolab Frequency Response Analyzer (FRA) software. A Metrohm single junction 

Ag/AgCl/3 M KCl reference electrode (6.0733.100, Metrohm) was used in the EIS 

measurements. 

The measuring cells, made from polycarbonate (PC) sheets, were 40 mm wide with a 20 mm 

diameter cavity for holding the CC-based electrodes. The single-cell PC supports had a 

~1.5 mm deep cavity, and the double-cell PC support had a ~4 mm deep cavity. The PC 

supports had a 2.5 mm wide flow-through channel in the middle and openings on the top cover 

for the gold wire conductors. The separator used in the double-cell PC support was made of 

Teflon and was ~1 mm thick. Figure 11 shows pictures of the single-cell PC support and the 

double-cell PC support with the Teflon separator. 

 

Figure 11. Left: Single-cell polycarbonate support. Right: Double-cell polycarbonate support with 

Teflon separator. 

3.3 Testing Reference Electrode Designs 

To evaluate the performance of two potential solid-state reference electrode designs to be used 

in the flow-through cell, the designs were first tested using 3 mm diameter silver disk electrodes 

mounted in PVC cylinders. To deposit a silver chloride layer, the silver electrode was 

chlorinated galvanostatically using 1 M KCl solution and by passing a current of 0.1 mA for 
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30 minutes. Using the prepared Ag/AgCl electrodes, three different types of reference 

electrodes were made as described below: 

3.3.1 Ag/AgCl with PVB/NaCl Layer 

The PVB/NaCl membrane cocktail used here and for other parts of this thesis was prepared by 

adding 5 ml of methanol to 0.4 g of PVB and 0.25 g of NaCl in a vial. The cocktail was vortexed 

for 1 minute at 2500 rpm and ultrasonicated for 1 hour. 

A 100 μl volume of the PVB/NaCl membrane cocktail was drop cast on one Ag/AgCl electrode 

and allowed to dry overnight. After drying, the electrode was conditioned and stored in 0.1 M 

KCl solution. This electrode will be referred to as DE1 (Disk Electrode 1) henceforth. 

On another Ag/AgCl electrode, 200 μl of the PVB/NaCl cocktail was drop cast in two 100 μl 

portions with a 2-hour drying time between the two additions. The electrode was allowed to 

fully dry overnight, then conditioned and stored in 0.1 M KCl solution. This electrode will be 

referred to as DE2. 

3.3.2 Ag/AgCl with MWCNTs & PVB/NaCl Layers 

A mixture, containing 0.005 g of MWCNTs dissolved in 1 ml THF, was prepared and vortexed 

for 1 minute at 2500 rpm and then ultrasonicated for 2 hours. A 100 μl volume of the mixture 

was drop cast on two Ag/AgCl electrodes, prepared as described in 3.3, in two 50 μl portions 

with a 30-minute drying time between the two additions. The resulting Ag/AgCl/MWCNTs 

electrodes were left to dry overnight. 

A 100 μl volume of the PVB/NaCl membrane cocktail was drop cast on one 

Ag/AgCl/MWCNTs electrode and allowed to dry overnight. After drying, the electrode was 

conditioned and stored in 0.1 M KCl solution. This electrode will be referred to as DE3 

henceforth. 

On the other Ag/AgCl/MWCNTs electrode, 200 μl of the PVB/NaCl cocktail was drop cast in 

two 100 μl portions with a 2-hour drying time between the two additions. The electrode was 

allowed to fully dry overnight, then conditioned and stored in 0.1 M KCl solution. This 

electrode will be referred to as DE4. 

3.3.3 Ag/AgCl with Polyvinyl Acetate/KCl Layer 

A mixture for making the PVAc/KCl composite used here and for other parts in this thesis, was 

prepared using the following composition in %(w/w): 49.5 KCl, 0.5 DMPP, 20 PVAc, and 
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30 VAc.  The KCl used in making the composite was first dried at 500 ℃ then ground using a 

mortar and pestle to have as fine of a powder as possible. The components were mixed in a 

glass vial, vortexed for 1 minute at 2500 rpm, covered with aluminium foil, and placed on a 

nutating mixer overnight. 

A transfer pipette was used to drop cast the mixture onto one Ag/AgCl electrode prepared as 

described in 3.3. Drop casting could not be easily measured volumetrically due to the viscosity 

of the mixture, but enough volume of the mixture was added to form a spherical membrane on 

the electrode surface. To prepare the PVAc/KCl composite, polymerisation was done under 

UV light for 10 minutes. The electrode was then conditioned and stored in 0.1 M KCl solution. 

This electrode will be referred to as DE5 for the rest of this text.  

3.4 Fabricating Planar Solid-State Composite Reference Electrodes 

Two designs for preparing planar solid-state PVAc/KCl composite-based reference electrodes 

were studied in this work: 

3.4.1 PVAc/KCl Composite-Based Planar Reference Electrode using CC Substrate 

(CC-RE) 

A 20 mm diameter piece of carbon cloth (CC) was cut, and a 4 mm hole was punched in the 

middle of it using a hole punching tool. The carbon cloth was placed on a 

polytetrafluoroethylene (PTFE) support. Ag/AgCl paste was brushed in the hole and slightly 

in the area around the hole. The Ag/AgCl paste was brushed on three times with 15 minutes of 

drying in between using an 80 ℃ oven. After the third brushing, the drying was done for 

30 minutes at 80℃. The carbon cloth was then flipped to the back, and the Ag/AgCl paste was 

brushed once in the middle and in a small area around the hole. Finally, the electrode was 

allowed to dry for 30 minutes at 80 ℃. 

After complete drying of the Ag/AgCl paste, the mixture used for preparing the PVAc/KCl 

composite was added on the Ag/AgCl paste layer using a spatula and the chemical 

polymerisation was done using UV light for 5 minutes on one side of the carbon cloth. The 

mixture was then spread on the other side of the carbon cloth and polymerised under UV light 

for 5 more minutes. The mixture was spread to cover the entire Ag/AgCl paste layer. The initial 

polymerisation time was short enough to ensure that the composite layer was soft enough to 

punch a hole through. A 2.5 mm hole was punched through the middle of the composite layer 

and the polymerisation was continued for 10 more minutes on each side to harden the 
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composite layer. The electrode was then conditioned in 0.1 M KCl. This electrode will be 

referred to as CC-RE for the rest of this text. Figure 12 shows a schematic illustration of the 

CC-RE. 

 

Figure 12. Schematic illustration of the PVAc/KCl composite-based planar reference electrode made 

using CC substrate (top and side views). 

3.4.2 PVAc/KCl Composite-Based Planar Reference Electrode using PC Support 

(PC-RE) 

The electrode for this design was made using the lower part of the single-cell PC support 

without its top cover (Figure 11). A silver wire was bent into a spiral to fit into the cell, and an 

Ag/AgCl layer was galvanostatically chlorinated on the spiral region. Chlorination was done 

using 1 M KCl solution and by passing a 0.1 mA current for 1 hour. 

After chlorination, the wire was dried and placed in the cell. A layer of the mixture, used for 

preparing the PVAc/KCl composite, was spread on the wire to fill the cavity of the cell. Part 

of the silver wire (without an AgCl layer) was left exposed for connecting to the potentiometer. 

The cell was placed under UV light for 30 minutes to polymerise the composite mixture. After 

polymerisation, the electrode was conditioned in 0.1 M KCl overnight. After conditioning, a 

sharp piercing tool was used to make a hole through the middle of the composite. This hole 

was made after conditioning because water uptake softened the composite layer. The electrode 
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was stored in 0.1 M KCl between measurements. This electrode will be referred to as PC-RE 

for the rest of this text. Figure 13 shows a schematic illustration of the PC-RE, and Figure 14 

shows a picture of different stages in its manufacturing process. 

 

Figure 13. Schematic illustration of the PVAc/KCl composite-based planar reference electrode made 

using PC support (top and side views). 

 

 

Figure 14. Manufacturing process of the PVAc/KCl composite-based planar reference electrode made 

using PC support. From left to right: spiral Ag/AgCl wire and the mixture for making the PVAc/KCl 

composite inside the support; the electrode after polymerisation under UV light for 30 minutes, 

overnight conditioning in 0.1 M KCl and piercing the flow-through hole; combination of the reference 

electrode (bottom) with the cell containing an ISE (top). 
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3.5 Fabrication of Ion-Selective Electrodes 

The carbon cloth-based ion-selective electrodes (CC-ISEs) were all made using a 20 mm 

diameter piece of carbon cloth with a 4 mm hole punched in the middle. The carbon cloth 

pieces were placed on a PTFE support during drop casting of the ion-selective membrane 

cocktail. 

3.5.1 Potassium Ion-Selective Electrodes (K-ISEs) 

The composition of the potassium ion-selective membrane (K-ISM) cocktail, in %(w/w), was: 

1.0 valinomycin, 0.5 KTFPB, 65.2 DOS, and 33.3 PVC dissolved in THF (dry mass is 20%). 

The components were mixed in a vial, vortexed for 1 minute at 2500 rpm, covered with 

aluminium foil, and placed on a nutating mixer overnight. 

A 100 μl volume of the K-ISM cocktail was drop cast on the area around the 4 mm hole in the 

carbon cloth piece and left to dry for 45 minutes. After drying, compressed air was blown 

through the middle of the hole to remove loose carbon cloth fibres. The membrane cocktail 

was drop cast into the 4 mm hole in five 50 μl portions with a 45-minute drying time between 

each addition. After the fifth drop casting step, the membrane was left to dry for 4 hours. The 

carbon cloth was flipped to the back and a 75 μl volume of the cocktail was added in the middle 

of the carbon cloth while ensuring some of it spread just outside the area around the hole and 

the electrode was left to dry. Four identical K-ISEs, K0, K1, K2, and K3 were made. 

3.5.2 Chloride Ion-Selective Electrodes (Cl-ISEs) 

The composition of the chloride ion-selective membrane (Cl-ISM) cocktail, in %(w/w), was: 

15 TDMAC, 51 oNPOE, and 34 PVC dissolved in THF (dry mass is 20%). The components 

were mixed in a vial, vortexed for 1 minute at 2500 rpm, covered with aluminium foil, and 

placed on a nutating mixer overnight. 

A 50 μl volume of the Cl-ISM cocktail was drop cast on the area around the 4 mm hole of the 

carbon cloth piece and left to dry for 45 minutes. After drying, compressed air was blown 

through the middle of the hole to remove loose carbon cloth fibres. The membrane cocktail 

was drop cast into the hole in four 50 μl portions with a 45-minute drying time between each 

addition. After the fourth drop casting step, the membrane was left to dry for 4 hours. The 

carbon cloth was flipped to the back and another 50 μl of the cocktail was added in the middle 

of the carbon cloth while ensuring some of it spread just outside the area around the hole and 

the electrode was then left to dry. Three identical electrodes, Cl1, Cl2, and Cl3 were made. 
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Figure 15 shows a schematic illustration of the ISE design, and Figure 16 shows a picture of 

different stages in the manufacturing process. 

 

 

Figure 15. Schematic illustration of the ion-selective electrodes (top and side views). 

 

 

Figure 16. Manufacturing process of the ISEs. From left to right: 20 mm diameter carbon cloth with 4 

mm diameter hole before drop casting of the ISM cocktail; the ISEs after drop casting of the ISM 

cocktail. 
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3.6 Summary of the Prepared Electrodes 

The table below provides a summary of the reference electrodes and ISEs prepared and studied 

in this thesis. 

Table 2. Different reference electrodes and ISEs designed in this thesis. 

Electrode(s) Design Section 

Disk Reference Electrodes 

DE1, DE2 Ag/AgCl disk electrodes with PVB/NaCl membrane 3.3.1 

DE3, DE4 Ag/AgCl/MWCNTs disk electrodes with PVB/NaCl membrane 3.3.2 

DE5 Ag/AgCl disk electrode with PVAc/KCl composite 3.3.3 

Planar Reference Electrodes 

CC-RE Ag/AgCl paste with PVAc/KCl composite on CC substrate 3.4.1 

PC-RE Ag/AgCl wire with PVAc/KCl composite on PC support 3.4.2 

CC-ISEs 

K0, K1, K2, K3 K-ISEs 3.5.1 

Cl1, Cl2, Cl3 Cl-ISEs 3.5.2 

 

3.7 Potentiometric Measurements 

Two different potentiometric measurement setups were used in this work. 

3.7.1 Setup using an External Electrode 

In this setup, a CC-based electrode (CC-RE or CC-ISE) was put into the single-cell PC support 

(Figure 11) and screwed close. A syringe with parafilm around the tip was connected to the 

hole on top of the cell to hold the solution being measured. A pipette tip covered with parafilm 

was placed at the bottom of the cell to stop the sample from flowing out the cell. The 

potentiometric measurements carried out using this setup were done using external electrodes. 

A commercial double junction (Ag/AgCl/3 M KCl/1 M LiOAc) reference electrode was used 
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to study the CC-ISEs, (Figure 17a), and a commercial chloride ion-selective electrode was used 

to study the performance of the CC-RE (Figure 17b). A gold wire in contact with the carbon 

cloth in the PC support was used to connect the electrode to the potentiometer either as the 

indicator or as the reference electrode. 

 

Figure 17. Images of the potentiometric setups with an external electrode. a) Setup with a commercial 

Ag/AgCl double junction reference electrode b) Setup with a commercial chloride ion-selective 

electrode. 

a) b) 
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3.7.2 Flow-Through Setup 

This setup was used to measure the response of one or two 

CC-ISEs against a prepared planar reference electrode. 

When used with the CC-RE, one CC-ISE was measured at a 

time because the double-cell was too small to fit more than 

one CC-ISE with the CC-RE. The CC-ISE and CC-RE were 

placed in a double-cell PC support with a Teflon separator 

between them and screwed shut. The CC-RE was placed at 

the bottom, and the CC-ISE at the top. Both electrodes were 

connected to the potentiometer via gold wires. A piece from 

the carbon cloth of the electrode on the top was cut to avoid 

contact with the gold wire from the bottom electrode 

(Figure 18). 

When used with the PC-RE, one or two CC-ISEs could be measured at a time. The PC-RE was 

in a separate measurement cell from the CC-ISE(s). Because the measured solution flowed 

from top to bottom, the PC-RE was kept at the bottom to avoid contamination of the CC-ISEs 

from the PC-RE. When only one ISE was being used, it was put in the single-cell PC support. 

When two ISEs were being used in a double-cell PC support, a Teflon separator was placed 

between them, and the top CC-ISE was cut to avoid contact with the gold wire from the bottom 

CC-ISE (Figure 18). For measurements with a K-ISE and Cl-ISE, the Cl-ISE was cut and used 

as the top ISE. Gold wires were used to connect the CC-ISEs to the potentiometer, and the PC-

RE was connected via its silver wire. The flow-through channels of the PC-RE and CC-ISE 

cells were aligned, and the cells were screwed together for measurement (Figure 19). The flow 

rate of the solution during flow-through measurements was approximately 0.5 ml/min. 

Figure 18. Piece of carbon cloth cut 

from the top CC-ISE to avoid contact 

with the gold wire connected to the 

other CC-based electrode at the 

bottom. 
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Figure 19. Images of the flow-through potentiometric setup with two CC-ISEs connected via gold wires 

to the potentiometer and the PC-RE, at the bottom, connected via silver wire. 

3.7.3 Calibration Curves 

For making the calibration curves, measurement in each solution concentration was done for 

at least 5 minutes until a stable potential was reached. In a calibration curve, the potentials 

plotted against the activities of the measured ion were the average of the last five potential 

values at each concentration. Unless stated otherwise, the displayed linear regression values 

(slope and intercept/standard potential) were calculated from the 10–3 M to 10–1 M linear range 

of the calibration curve. Unless stated otherwise, measurements were done in order of low to 

high concentrations. 

The activity coefficients used to calculate the activity of the ions were obtained according to 

the Debye-Hückel theory (𝐸𝑞 2.5)[56, 72]. 
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3.7.4 Selectivity Coefficient Determination 

The selectivity coefficient of one of the K-ISEs, K1, to potassium ion was determined in the 

presence of three cations (Na+, Ca2+, and Mg2+). Similarly, the selectivity coefficient of one of 

the Cl-ISEs, Cl2, to chloride ion was determined in the presence of two anions (bicarbonate 

[HCO3
−] and lactate [C3H5O3

−]). These ions were selected due to their significant presence in 

sweat[6]. Chloride salts of the cations, sodium bicarbonate and lithium lactate were used to 

prepare the respective solutions of the interfering ions. The selectivity coefficients were 

calculated using the SSM (𝐸𝑞 2.9)[58]. The activity coefficients used to calculate the activity 

of the ions were obtained according to the Debye-Hückel theory (𝐸𝑞 2.5)[56, 72]. The CC-ISEs 

were measured against the PC-RE using the flow-through setup. Between each solution, 

ultrapure water flowed through the setup for 5 minutes. 

3.8 Electrochemical Impedance Spectroscopy Measurement 

The EIS measurements were performed to evaluate and compare the resistance of the 

plasticized PVC-based ISMs in the fabricated K-ISEs. These measurements were done using 

electrodes K1, K2, and K3 (one at a time) in an external electrode setup (3.7.1). Nitrogen gas 

was bubbled through 0.1 M KCl solution for 10 minutes and the deaerated solution was used 

as the electrolyte that was placed in the syringe. The CC-ISE being measured was put in a 

single-cell PC support and connected as the working electrode. The Ag/AgCl/3 M KCl 

commercial reference electrode and a glassy carbon rod were placed in the 0.1 M KCl solution 

and connected as the reference and counter electrode, respectively. The measurements were 

performed at open-circuit potential using 100 mV excitation amplitude in the 100 kHz to 

10 mHz frequency range. 
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4 Results and Discussion 

4.1 Disk Reference Electrodes 

The performance of different reference electrodes prepared in this work was first studied and 

evaluated in order to choose the best option for use in the flow-through potentiometric cell. 

The responses of solid-state reference electrodes made using Ag/AgCl disk electrodes, DE1 to 

DE5, were measured for 800 s in 0.1 M KCl solution using a commercial double-junction 

reference electrode. The responses were recorded after 36 hours of conditioning the electrodes 

in 0.1 M KCl solution. As can be seen in Figure 20, the PVB/NaCl-based reference electrodes 

with the thicker membrane, DE2 and DE4, had the most significant potential deviation from 

the 0 mV value. Whereas, the potentials measured for other PVB/NaCl-based reference 

electrodes with thinner membranes, DE1 and DE3, showed less potential deviation from the 

0 mV value compared to DE2 and DE4. The best option was the PVAc/KCl composite-based 

reference electrode, DE5, which showed the least potential deviation (ca. –4 mV) from 0 mV. 

 

Figure 20. Time-dependent response of five conditioned solid-state reference Ag/AgCl electrodes 

made using Ag/AgCl silver disk electrodes in a PVC body and measured against a commercial 

double-junction reference electrode in 0.1 M KCl solution. 
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After conditioning, each of the electrodes, DE1 to DE5, was used as reference electrodes in the 

calibration of a commercial chloride ISE in 10–3 M to 10–1 M KCl solutions. The calibration 

curves, as well as the slope and standard potential (E0) values calculated from the linear range 

10–3 M to 10–1 M KCl, are displayed in Figure 21. The reference electrodes, DE3 and DE4, 

with a MWCNTs layer between the Ag/AgCl substrate and the PVB/NaCl membrane, resulted 

in super-Nernstian slopes for the calibration curves. This result is contrary to the results from 

a previous work in which the electrode with a CNT layer between the Ag/AgCl layer and the 

PVB/NaCl membrane showed better response than the electrode without the CNT layer[52]. The 

reason for the super-Nernstian response was not further investigated experimentally in this 

thesis. However, one hypothesis for the observed super-Nernstian response is that the 

adsorption of ions on the MWCNTs resulted in an increased junction potential at the reference 

electrode. 

 

Figure 21. The curves obtained from calibrating a commercial solid-state chloride ISE against each of 

the solid-state reference electrodes, DE1 to DE5, in 10–3 M to 10–1 M KCl solutions. 

Due to lower deviation in the potential of the PVAc/KCl composite-based reference electrode 

(DE5) from the 0 mV value when compared against the Ag/AgCl commercial reference 

electrode (Figure 20), good performance when used in the calibration of a commercial chloride 

ISE (Figure 21), and previously demonstrated excellent performance of the composite-based 
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reference electrodes[14, 15], the PVAc/KCl composite-based option was selected for preparing 

planar reference electrodes used in this work. 

4.2 Calibration of CC-ISEs against a Commercial Reference Electrode 

Before using the CC-ISEs for measurements in the flow-through setup, one K-ISE, K1, and one 

Cl-ISE, Cl2, were calibrated against a commercial double-junction reference electrode 

(Ag/AgCl/3 M KCl/1 M LiOAc) using the external electrode setup (3.7.1). The measurements 

were done to verify that the batch of CC-ISEs exhibited a typical and acceptable response. 

Figure 22 shows the result from the calibration of K1 and Cl2 in 10–3 M to 10–1 M KCl solutions. 

Both electrodes showed a linear response in this concentration range with near-Nernstian 

slopes. The observed responses indicated proper functioning of the CC-ISEs. 

4.3 PVAc/KCl Composite-Based Planar Reference Electrode using CC 

Substrate (CC-RE) 

4.3.1 CC-RE vs. Commercial Reference Electrode 

The first attempt for making a planar solid-state PVAc/KCl composite-based reference 

electrode for the flow-through cell used carbon cloth as substrate (3.4.1). After making the 

electrode, it was conditioned in 0.1 M KCl while the potentiometric response was monitored 

versus a commercial double-junction reference electrode using the external-electrode setup. 

Figure 23 shows that the electrode approached a potential of ca. –8 mV, indicating a good 

resemblance to the commercial reference electrode. Moreover, the electrode demonstrated a 

a) b) 

Figure 22. Calibration curves of CC-ISEs (a: K1; b: Cl2) in 10–3 M to 10–1 M KCl solutions against a 

commercial double-junction reference electrode using the external electrode setup. 
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reasonably short conditioning time with its potential approaching stability in ca. 6 hours after 

first contact with the conditioning solution. 

 

Figure 23. Initial conditioning response of the CC-RE in 10–1 M KCl solution measured against a 

commercial reference electrode using the external electrode setup. 

An important property of a reference electrode is the potential stability in solutions with 

varying chloride concentrations. A stable potential in solutions of different chloride 

concentration shows that the chloride salt containing layer, in the structure of the reference 

electrode, is able to maintain constant chloride concentration at the Ag/AgCl layer and the 

reference electrode does not respond to chloride ions in the sample. 

The potential of the conditioned CC-RE was measured against a commercial reference 

electrode in 10−1 M and 10–4 M KCl solutions using the external electrode setup. In the regular 

setup, the commercial reference electrode was connected to the reference channel of the 

potentiometer and the CC-RE was connected to one of the indicator electrode channels. In the 

reverse setup, the connections were reversed, i.e., the CC-RE was connected to the reference 

channel and the commercial reference electrode to one of the indicator channels. For both the 

regular and reverse setups, Figure 24 shows an acceptable <2mV potential difference across a 

3-decade concentration difference. In addition, Figure 24 shows that the responses of the 

regular and reverse setups almost mirror each other, i.e., the measured potentials are close to 

each other but differ by sign. 
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Figure 24. The potential response of the CC-RE measured against a commercial double-junction 

reference electrode (regular setup), and the potential response of a commercial double-junction 

reference electrode measured against the CC-RE (reverse setup). 

4.3.2 Commercial Chloride ISE vs. CC-RE 

After conditioning and comparing the performance of the CC-RE to a commercial reference 

electrode, it was used in the calibration of a commercial chloride ISE in 10–4 M to 10–1 M KCl 

solutions, using the external electrode setup. The result in Figure 25, shows a near-Nernstian 

response of –54.6 mV/decade for the chloride ISE in the linear range of 10–3 M to 10–1 M KCl, 

further demonstrating the suitability of the CC-RE as a reliable reference electrode. 

 

Figure 25. Calibration curve of a commercial chloride ISE measured against the CC-RE in an external 

electrode setup using 10–4 M to 10–1 M KCl solutions. 
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4.3.3 CC-ISE vs. CC-RE 

The CC-RE was combined with a potassium CC-ISE (K0) in a double-cell flow-through setup 

(3.7.2). Figure 26 shows the calibration curves for K0 obtained from two measurements carried 

out in 10–3 M to 10–1 M KCl solutions. Measurement 2 was done after Measurement 1 on the 

same day. Between both measurements it was observed that the composite layer of the CC-RE 

was significantly compressed by the cell resulting in a much narrower channel. Therefore, 

before Measurement 2, a new channel was made in the CC-RE to allow for continued flow of 

solutions through the setup. 

 

Figure 26. Calibration curves obtained for measurement of a potassium CC-ISE (K0) against the 

CC-RE carried out in 10–3 M to 10–1 M KCl. 

The poor repeatability between the measurements was attributed to the compression of the 

composite layer in the CC-RE and was the primary reason for coming up with the PC-RE 

design (3.4.2). Additionally, unlike the CC-ISEs that require the carbon cloth for 

ion-to-electron transduction, there was no need for a carbon cloth in the reference electrode. 

Separating the ISE(s) and reference electrode cells, as well as, using Ag/AgCl wire for the 

PC-RE design simplified both the manufacturing of the reference electrode and the 

measurement. 
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4.4 PVAc/KCl Composite-Based Planar Reference Electrode using PC Support 

(PC-RE) 

4.4.1 Calibration of CC-ISEs vs. the PC-RE 

The potentiometric response of three potassium and three chloride CC-ISEs were measured 

against the PC-RE using the flow-through setup without prior conditioning of the CC-ISEs. 

The results from the calibration done in 10–3 M to 10–1 M KCl solutions are displayed in 

Figure 27. The points shown on the graph are within-day averages and the error bars are 

obtained from the respective standard deviations. Appendix A and Appendix B show the 

individual results used to obtain the averages and standard deviations for the K-ISEs and 

Cl-ISEs, respectively. 

The typical concentrations of K+ and Cl– in sweat lie within the 10–3 M to 10–1 M range[6]; 

hence, the good linearity and near-Nernstian response exhibited by each CC-ISE – PC-RE 

combination demonstrates basic suitability for their intended application. The results in 

Figure 27 also show a small within-day variability indicating good reliability for each 

calibration curve. 

However, the results show a major issue, poor reproducibility between electrodes. Although 

the electrodes were made in a similar way and were supposed to be identical, the responses, 

particularly the standard potentials, are highly variable. A likely cause for the poor E0 

reproducibility of the electrodes prepared in this work is the use of a method with imperfect 

repeatability, i.e., drop casting and manual hole punching. Automating the manufacturing 

Figure 27. Calibration curves of the CC-ISEs (a: chloride; b: potassium) against the PC-RE carried out 

in KCl solutions using the flow-through setup. 

a) b) 
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process would likely result in better E0 reproducibility for the CC-ISEs and be a positive step 

towards their use as calibration-free sensors. 

4.4.2 Simultaneous Calibration of K-ISE and Cl-ISE vs. the PC-RE 

Between-Day Repeatability 

A major advantage of the developed flow-through design is the ability to incorporate multiple 

ISEs for simultaneous measurement using one reference electrode. Figure 28 shows calibration 

plots obtained using the CC-ISEs, K1 and Cl2 electrodes, in a double-cell PC support 

(Figure 11) measured against the PC-RE in the flow-through setup. The plots were made using 

averages of the results obtained from meausrements done within three different days. The error 

bars show the respective standard deviations. The individual plots used to obtain the averages 

and standard deviations are presented in Appendix C. 

 

Figure 28. Calibration curves of CC-ISEs (K1 and Cl2) in a double-cell PC support measured against 

the PC-RE using a flow-through setup. The measurements were carried out in KCl solutions and the 

calibration curves were plotted using within-day averages for three different days. 

The results show that the electrodes maintain a linear near-Nernstian response across different 

days; however, the E0s shift significantly from day to day, a common occurance in solid-contact 

ISEs[73]. For most applications of macro-sized ISEs, daily calibration is necessary and 

acceptable; however, miniaturised ISEs are usually intended for applications where frequent 
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calibration is impractical such as in wearables. With the goal of calibration-free sensing in 

mind, this non-ideal behaviour also contributes to the expected lifetime of the electrodes during 

which the measured values would be reliable. Greater between-day variability would support 

their use as disposable sensors. 

The likely cause of the between-day E0 variability for the same electrodes is water layer 

formation between the ISM and CC substrate. It was shown that a water layer often forms in 

solid-contact ISEs at the substrate│ISM interface[74]. Although the PVC-based polymeric 

membrane is highly hydrophobic, some water molecules are still able to pass through to reach 

the substrate│ISM interface. Methods such as using a more hydrophobic ISM membrane[75] 

and making the solid-contact material more hydrophobic[73] have been proposed as solutions 

to the water layer formation but no method has been widely adopted yet. Tackling the water 

layer formation would increase the usability and reliability of the electrodes. 

Within-Day Repeatability 

The electrodes show poor E0
 reproducibility between electrodes prepared identically 

(Figure 27) and between the same electrodes measured on different days (Figure 28). However, 

Figure 27 and Figure 28 also show small error bars, indicating good within-day repeatability. 

The good within-day repeatability can also be seen in Figure 29, which shows the 

potentiometric response of K1 and Cl2 electrodes simulataneously measured three times within 

the same day in a double-cell against the PC-RE. The figure shows that the measured potential 

at each concentration is repeatable. 

Another observation from Figure 29 is the instability of responses at 10–4 M and 10–5 M. In 

addition to the typical concentrations of K+ and Cl– in sweat, the observed responses in 

Figure 29 further support the decision to use the 10–3 M to 10–1 M range for linear calibration. 

Figure 29 also demonstrates the fast response of the flow-through device. For concentrations 

in the selected 10–3 M to 10–1 M linear range, the electrodes approach a stable response in less 

than 1 minute. 
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Figure 29. Within-day responses of K1 and Cl2 CC-ISEs measured against the PC-RE done from low 

to high concentrations of KCl solution three times. 

4.4.3 Calibration in the Presence of a Background Electrolyte 

The sodium ion (Na+) is another ion present in sweat at relatively high concentrations (10 mM 

to 90 mM[6]). To study the effect of the presence of Na+, the response of one potassium CC-ISE, 

K3, was recorded in KCl solutions with 0.1 M NaCl as background electrolyte (BGE). Results 

from the calibration of K3 electrode in KCl solutions with and without NaCl as BGE are 

presented in Figure 30. The individual plots used to obtain the averages and standard deviations 

are presented in Appendix D. 

The curves with and without the BGE show a similar response indicating that the K-ISE 

response is not significantly influenced by the presence of sodium ions within the selected 

linear range. 
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Figure 30. Calibration curves obtained for K3 electrode against the PC-RE measured in KCl solutions 

with and without 0.1 M NaCl as background electrolyte. 

4.4.4 Selectivity Coefficient Determination 

Although measuring and comparing the response of ISEs in the presence and absence of a BGE 

gives some information on interference by other species, calculating the selectivity coefficients 

is a more thorough way of evaluating interference effects. To obtain the selectivity coefficients, 

three replicate measurements were done using K1 and Cl2 electrodes against the PC-RE in a 

flow-through setup. The calculated selectivity coefficients for the electrodes in the presence of 

the selected interfering ions are presented in Table 3. The table also shows selectivity 

coefficients reported by other similar ISEs in the literature. 
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Table 3. Selectivity coefficients obtained using potassium and chloride ISEs prepared in this work and 

some previously reported selectivity coefficients from the literature. Selectivity coefficients were 

obtained either by SSM (*) or FIM (**). 

log Ki,j Na+ Ca2+ Mg2+ HCO3
– C3H5O3

– 

aK-ISE (n=3)* –3.05 ± 0.20 –4.39 ± 0.25 –4.43 ± 0.20   

bK-ISE[76]** –3.9 ± 0.1 –5.5 ± 0.3 –5.6 ± 0.1   

cK-ISE[77]* –3.7±0.1 –5.4 ± 0.2 –5.7 ± 0.1   

dK-ISE[78]** –3.09 –3.42 –3.67   

eCl-ISE (n=3)*    –0.56 ± 0.01 –0.74 ± 0.09 

fCl-ISE[79]*    –0.3 –0.5 

gCl-ISE[80]*    –1.2 ± 0.6 — 

a) This study. b) K-ISM drop cast on carbon black-modified stencil-printed electrodes on PET substrates and 

measured against a poly(methyl methacrylate-co-butyl methacrylate)/KCl-based solid-state reference electrode[76]. 

c) Carbon black on glassy carbon (GC) substrate with drop cast K-ISM measured against a commercial reference 

electrode[77]. d) K-ISM drop cast on poly (3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) on 

gold substrate and measured against a PVB/NaCl reference electrode[78]. e) This study. f) Cl-ISMs prepared by 

the sol-gel method and measured against a commercial reference electrode[79]. g) PVC-based Cl-ISM drop cast on 

GC/PEDOT and measured against a commercial reference electrode[80]. 

The K-ISMs used were all based on valinomycin, and the Cl-ISMs were based on TDMAC. 

 

The selectivity coefficients obtained in this thesis are in line with the other values from similar 

ISEs in the literature. Valinomycin[23] is an ionophore which has consistently shown good 

selectivity towards K+; hence, the low selectivity coefficients observed are not surprising. On 

the other hand, TDMAC, an ion-exchanger is not regarded as highly selective towards chloride. 

Developing anion-selective electrodes with high selectivity has been a major struggle. 

Ion-exchangers like TDMAC are used for a wide range of anions with selectivity strongly 

depending on the Hofmeister series[81]. The Hofmeister series basically characterizes ions 

according to their hydration energy or hydrophobicity[82]. Ions with a high hydrophobicity are 

more likely to move into the hydrophobic ISM than remain in the aqueous sample. Lactate is 

an organic anion, highly hydrophobic compared to Cl– and bicarbonate has a similar level of 

hydrophobicity as Cl–. With this context, the relatively poor selectivity offered by the Cl-ISE 

used in this thesis is reasonable. 

Figure 31 shows the potential response of the CC-ISEs during one of the selectivity 

measurements. One important observation is that both the K- and Cl-ISEs show good 
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reversibility as they show a similar response to 0.1 M KCl solution before and after exposure 

to the interfering ions. 

 

Figure 31. Potential response of K1 and Cl2 electrodes in the presence of primary and interfering ions 

at 0.1 M concentrations. 

4.5 Electrochemical Impedance Spectroscopy Measurement 

The electrochemical impedance spectroscopy measurements were done to determine and 

compare the resistance of the plasticized PVC-based ISMs in the fabricated potassium ISEs. 

As illustrated in the spectra of the CC-ISEs (K1, K2, and K3) shown in Figure 32, there are 

high-frequency semicircles related to the bulk resistance of the ISMs and low-frequency curves 

that can be attributed to the ion-to-electron transduction process. The bulk resistance of the 

ISMs in K1, K2, and K3 electrodes are ca. 75, 55, and 45 MΩ, respectively. 

Although all three electrodes were prepared in the same way, the varying bulk resistance values 

indicates the weak reproducibility offered by the manual electrode fabrication. The observed 

resistance in previous work using the same K-ISE design but with a slightly thinner ISM[12, 13] 

was ca. 100 MΩ. This is higher than the values observed for the slightly thicker ISMs used in 

this thesis; however, it is a non-significant difference that is likely due to the previously 

discussed reproducibility issue with the fabrication. A thicker ISM correlates with a longer ISE 

lifetime; hence, the slightly thicker design used in this thesis might be more beneficial. 
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The resistance of valinomycin-based potassium ISMs reported in the literature is typically 

around 10 MΩ[83, 84] with some studies reporting values less than 1 MΩ[85, 86]. The high 

resistance values in this work and previous work[12, 13] could be due to the higher thickness of 

the ISMs in this design. However, despite the higher resistance values of the ISMs, the K-ISEs 

studied in this work showed fast and relatively stable responses during the potentiometric 

measurements (Figure 29). 

 

Figure 32. EIS spectra for three identical CC-ISEs (K1, K2, and K3) recorded in 0.1 M KCl solution. 

The spectra were recorded at open-circuit potential using 100 mV excitation amplitude in the frequency 

range 100 kHz to 10 mHz. 
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5 Conclusions 

The goal of the work in this thesis was to develop a planar flow-through device for 

potentiometric sensing. Previous work laid the foundation by designing a carbon cloth-based 

potassium ion-selective electrode (K-ISE) and this work mostly built upon that by developing 

solid-state planar reference electrodes for a flow-through operation. The prepared flow-through 

cell containing combined solid-state reference and ion-selective electrodes (ISEs) continuously 

responded to changing ionic concentrations of aqueous solution flowing through a 2.5 mm 

channel. The aim of developing the flow-through device was to serve as a proof-of-concept for 

wearable sweat sensing. The prepared device showed fast response and good linear correlation 

within the concentration ranges of potassium and chloride ions in typical sweat samples. 

To select a solid-state reference electrode design for the flow-through cell, the performance of 

two designs were tested on 3 mm silver disk electrodes. The solid-state silver/silver chloride 

(Ag/AgCl) reference electrodes that used a polyvinyl butyral/sodium chloride (PVB/NaCl) 

membrane to maintain constant chloride concentration performed worse than the Ag/AgCl 

reference electrode with a layer of polyvinyl acetate/potassium chloride (PVAc/KCl) 

composite. Hence, the PVAc/KCl composite-based reference electrode was selected for 

making the planar reference electrode incorporated in the flow-through cell. 

In the first attempt, carbon cloth (CC) was used as a substrate together with Ag/AgCl paste that 

was then covered with PVAc/KCl composite. Although this design allowed the reference 

electrode to be included in the same cell as the ISE, the PVAc/KCl composite was easily 

compressed, narrowing the flow-through channel of the reference electrode. The CC-based 

reference electrode showed good performance when used in calibrating a commercial chloride 

ISE, but the compression of the composite resulted in poor performance against a K-ISE. In 

the second attempt, a polycarbonate (PC) cell together with Ag/AgCl wire embedded in the 

PVAc/KCl composite was used for making the reference electrode part. This PC-based design 

was easier to manufacture and solved the compression problem mentioned earlier by keeping 

the reference and ion-selective electrodes in separate cells. 

Potassium ion-selective electrodes (K-ISEs) and chloride ion-selective electrodes (Cl-ISEs) 

were prepared using carbon cloth for ion-to-electron transduction. The K-ISEs were based on 

valinomycin, a neutral ionophore and the Cl-ISEs were based on tridodecylmethylammonium 

chloride (TDMAC), an ion-exchanger. When calibrated against the PC-RE, both ISE types 
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typically showed near-Nernstian slopes in the 10–3 M to 10–1 M KCl range with good linearity 

demonstrated by calibration curves with R2 values close to 1 and good within-day repeatability 

demonstrated by small standard deviations. The responses of the ISEs were also fast and stable 

in the 10–3 M to 10–1 M KCl range. However, the electrodes displayed poor standard potential 

(E0) reproducibility in between-electrode and between-day measurements. 

The selectivity of the K-ISE and Cl-ISE combined with the PC-RE was also investigated using 

typical ions present in sweat (Na+, Mg+, Ca2+, HCO3
–, and C3H5O3

–) as interfering ions. 

Expectedly, the K-ISE showed much better selectivity than the Cl-ISE because valinomycin 

strongly binds K+ selectively while TDMAC is capable of ion-exchange with a wide range of 

anions. The K-ISE was also calibrated in the presence of 0.1 M NaCl background electrolyte 

(BGE). The calibration curve was very similar to that obtained in the absence of the BGE, 

further indicating the excellent selectivity of the K-ISE in the presence of Na+, an ion present 

at high concentrations in sweat. 

As a proof-of-concept, the device developed here showed some promising results to build on. 

The typical concentrations of K+ and Cl– in sweat lie within the linear range of the device. The 

PC-RE design allows for easy combination with multiple ISEs in a separate cell thereby 

extending the range of potential ions that can be analysed. The PVAc/KCl composite-based 

PC-RE also exhibited a long lifetime which can be attributed to the high chloride concentration 

in the PVAc/KCl composite and low salt leakage from the composite.  

The major problems with the device resulted from irreproducibility in fabricating the 

electrodes, coming primarily from the manual fabrication. The poor fabrication reproducibility 

of the electrodes was evidenced by the differences in the E0 values and ion-selective membrane 

(ISM) bulk resistance values of electrodes made in a similar way. The next observed issue is 

poor between-day reproducibility, a common issue among solid-contact ISEs, usually 

attributed to the formation of a water layer between the ISM and the underneath substrate. 

The device has the potential for further miniaturisation and multiple ion sensing. Automated 

manufacturing could help to reduce the between-electrode variability. With the good 

within-day repeatability, the device could be used as a disposable sensor thereby bypassing the 

issues associated with long-term E0 drift. To establish reliability of the sensor’s lifetime, and 

other performance parameters, more extensive validation using simulated and real sweat 

samples would be required. 
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7 Appendices 

  a) b) 

c) 

Appendix A. Individual calibration curves for K-ISEs against the PC-RE: a) K1; b) K2 c) K3. 
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Appendix B. Individual calibration curves for Cl-ISEs against the PC-RE: a) Cl1; b) Cl2 c) Cl3. 

a) 

b) 

c) 
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Appendix C. Individual calibration curves for K1 and Cl2 combined in a double cell and measured against the 

PC-RE. a) Day 1; b) Day 2; c) Day 3.   

a) 

b) 

c) 
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Appendix D. Individual calibration curves for measurement of K3 against the PC-RE. a) With BGE; b) No 

BGE. The BGE was 0.1 M NaCl. 

a) b) 


