
 

BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 

FACULTY OF CHEMICAL TECHNOLOGY AND BIOTECHNOLOGY 

GEORGE OLÁH DOCTORAL SCHOOL 

Development of  Nonconventional 

Potentiometric Ion-Selective Electrodes  

Thesis Statements 

 

Written by: Soma Papp 

Advisor: Dr. Róbert E. Gyurcsányi 

 

 

BME Chemical Nanosensors Research Group 

Department of Inorganic and Analytical Chemistry 

2020



 

  



1 Introduction 

Ion-selective electrodes are one of the most frequently used chemical sensors, which are 

fundamental in almost every chemical or biochemical lab around the world1. The use of 

ion-selective electrodes makes analysis possible in very complex matrices such as blood, 

but they are utilized also in several environmental and process analysis related to the 

chemical industry. The development of plasticized polymer based ion-selective 

membranes, which incorporate a selective binding agent, the so-called ionophore, opened 

the possibility to determine most of the ionorganic cations and anions using potentiometry, 

currently circa 70 analytes can be determined2. In the past few decades much effort was 

made to expand the possible range of application, for example by developing wearable 

sensors. However, the traditional ion-selective electrode construction with an inner filling 

solution is not compatible with wearable sensors. Therefore, one main focus of the 

development was to replace the inner filling solution with solid state materials, resulting in 

a so-called solid-contact ion-selective electrode. Still, the solid-contact electrodes lag 

behind the conventional ion-selective electrodes in terms of potential stability and the 

reproducibility of the standard potential. One main reason for this is the formation of a so-

called water layer, which is formed between the ion-selective membrane and the solid-

contact. 

The aim of my work was to address these problems. I have developed highly 

hydrophobic solid-contacts, which is practically the only long-term solution to effectively 

hinder the formation of a water layer. In order to achieve this, I have used solid-contacts 

based on either hydrophobic electronically conducting polymers or carbon nanotubes, 

proposing different approaches, and gradually improving the quality of the solid-contact. 

In the other half of my work I have focused on the ion-selective membrane itself. I have 

proposed a radically different membrane construction based on modified gold nanoporous 

membranes, mimicking the natural ion-channels, in order to prove that even hydrophilic 

selective complexing agents (like naturally occurring peptides) can form the basis of an 

ion-selective electrode. 
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2 Background 

 Solid-contact ion-selective electrodes 

There are numerous cases where the use of a solid-contact instead of an internal 

electrolyte solution is more useful. One problem arises from the fact that the primary ion 

can leach from the internal solution, and therefore worsening the lower limit of detection3. 

Moreover, due to the solution the fabrication of planar, miniaturized sensors is not evident4. 

The mass production of solid-contact electrodes is more easily automatized, since those 

sensors can be produced using microfabrication or screen printing techniques.5 From 

obvious reasons having an internal liquid solution makes the device vulnerable. 

Historically the first method, which abandoned the internal solution in case of 

plasticized polymer membranes was the so-called coated-wire electrodes. The device 

comprised of the electronically conducting wire directly coated with the ion-selective 

membrane6. Although the electrode preserved its functionality, the coated-wire electrode’s 

potential stability was far from satisfying, even in a short time range (during measurement) 

it could drift significantly. One of the main reason for this is the formation of an 

uncontrolled internal solution between the membrane and the wire, the so-called water 

layer. Moreover, the phase boundary between the membrane and the wire is blocked, which 

leads to further instability and sensitivity. The coated-wire electrode is an easily polarizable 

electrode, this means that even a small residue current can affect its potential. To prevent 

this, the double layer capacitance must be increased, for example by using materials with 

high specific surface area, e.g. with nanostructured materials such as nanoparticles or 

nanotubes. Another possibility is the incorporation of a solid-state ion-to-electron 

transducer layer, which replaces the role of the original internal solution. This is achieved 

by using materials with a high redox capacitance, most usually conducting polymers.7 
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It’s impotant to note that the conducting polymers possess a continuum of redox 

potentials, which depends on the degree of polymerization, degree of crystallinity, 

morphology, the affect of doping on the glass transition temperature etc. Because of this 

the potential reproducibility of conducting polymer-based ion-selective electrodes is 

usually worse, than the other possible solutions. The best way to improve the potential 

reproducibility is to actively control the potentials by prepolarization8. The most commonly 

used conducting polymers are polypyrrole (PPy), poly(3-octylthiophene) (POT), 

polyaniline (PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT)7. 

Besides conducting polymers, nanostructured materials are the most commonly utilized 

as solid-contacts, as they stabilize the inner phase boundary potential due to their large 

double layer capacitance9. Almost all kinds of carbon materials have been used as solid-

contact such as carbon nanotubes, graphenes, fullerenes etc7. Normally, surfactants are 

required to form a proper suspension from these materials, which can be drop-casted to the 

electrode substrate. These surfactants however stay in the film, adversely affecting the 

response of the electrode during use. To avoid the need for surfactants funcionalized carbon 

nanotubes have been developed and used successfully as a solid-contact10, however the 

improvement of the reproducibility has not been investigated. 

Overall, from the countless possible configuration none emerged as the best solution, 

having exceptional performance in all requirements. There is still room for improvement 

to have a portable, easy to fabricate, cheap sensor, that can truly replace the traditional ion-

selective electrodes having an internal solution7. 
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 Gold nanoporous membranes-based ion-selective membranes 

A typical plasticized PVC based membrane consists of: 30-33 % PVC, 60-66% 

plasticizer, 0,5-2 % ionophore, 50 mol% ion exchanger in respect of the ionophore2. Since 

the plasticizer, the ionophore and the ion exchanger are only physically dissolved in the 

membrane and are withhold solely due to their lipophilicity, therefore these components 

are continuously leach out from the membrane11. This leaching leads to the decrease of 

selectivity and response sensitivity, and eventually the membrane response disappears. A 

new concept of ion-selective membranes is inspired by biological ion-channels, firstly 

introduced by Martin’s group12, using gold nanoporous membranes formed from track-

etched polycarbonate filter membranes. 

 The first potentiometric ion-selective membrane using this idea was made in our 

group13.The whole point to have gold nanopores is that the surface of gold easily 

functionalized with thiol group containing compounds having the same functions as used 

in traditional ion-selective membranes. In that work they used a lipophilic silver ion 

complexing agent. My goal was to prove that concept may be extended, and even 

hydrophilic complexing agents can form the basis of an ion-selective electrode. 

3 Methods 

During my work I made solid-contacts from polypyrrole, perfluorinated alkanoate side 

chain functionalized PEDOT (PEDOTF) and octadecane functionalized multi-walled 

carbon nanotubes (OD-MWCNT). In case of the conducting polymers I used 

electropolymerization to form the film. A suspension in tetrahydrofurane of the 

functionalized carbon nanotubes was directly drop-casted onto glassy carbon electrodes. 

The capacitance of the solid-contacts were determined by electrochemical impedance 

spectroscopy and chronopotentiometry. The films were also characterized by cyclic 

voltammetry. All these measurements were performed using a potentiostat/galvanostat. 

The hydrophobicity, which is crucial to avoid the water layer, was determined by water 

contact angle measurement. 
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13 G. Jágerszki, Á. Takács, I. Bitter, and R. E. Gyurcsányi, Angew. Chemie - Int. Ed., vol. 50, no. 7, pp. 1656–

1659, 2011, doi: 10.1002/anie.201003849 



The solid-contacts were covered by a K+-selective membrane, the ion-selective 

electrodes were then characterized (in terms of standard potential, limit of detection, 

selectivity) using a multi-channel potentiometer. The standard potentials were adjusted by 

prepolarization, to increase reproducibility of the E0. The necessary sensitivity tests of 

solid-contact electrodes, such as light and gas sensitivity, and water layer tests were also 

done. 

 Gold nanoporous membranes were formed by electroless chemical gold deposition, 

using track-etched polycarbonate filter membranes as templates. The membranes were 

functionalized in one step with a mixture of thiolated compounds, including a hydrophilic 

complexing agent, a Cu(II)-selective peptide14. After finding the optimal composition of 

the mixture, the membranes were assembled into conventional Philips electrode bodies. 

The such prepared ion-selective electrodes were characterized in the same way as described 

above. The leaching of the components were investigated by immersing the gold 

nanoporous membrane, as well as conventional PVC based copper(II)-selective membrane 

into ethanol. After that, their potentiometric response were determined. 

4 Results 

 Polypirrole based solid-contact electrodes 

The conducting polymers, used mainly in their electronically conducting, oxidized form 

have a long known paradox. Oxidizing the film increases its charge density, which results 

in a more stabile potential, but also gives a more hydrophilic surface, which helps the 

formation of an water layer. The wettability of the film however depends also on the doping 

anion used. It was shown earlier that the hydrophobicity of the polypyrrole film may be 

adjusted by using the super hydrophobic perfluorooctanesulfonate (PFOS-) anion as 

dopant. Oxidizing the film in such a way results in incorporating more of the charge 

compensating anion, therefore the film becomes more hydrophobic. In oxidized state the 

water contact angle was 105°, compared to the 45° determined on the reduced film. The 

reproducibility was intended to be improved by prepolarization. 
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Figure  1. Calibration curves of PPy-PFOS based K+-selective solid-contact electrodes (n=5) measured in KCl 

solutions (RE: Ag/AgCl double junction electrode) 

The electrodes showed Nerntian response in 1 M-10-6 M region (Figure 1.), having a 

slope of 56.8 mV/decade (SD= 0.67 mV/decade for 5 electrodes). The lower limit of 

detection was 8.57×10-7 M (SD= 1.99×10-7 M). In case of the curves shown above the SD 

of E0 was 6.4 mV, with only 0.5 mV for the best three. The reproducilibity was investigated 

further by making more series of electrodes and determining the parameters such as E0, 

standard deviation of E0 for all electrodes and for the three best (Table 1.) 

Although the standard deviation of E0 was worse in some cases, the average value is 

more or less stays around the same value, especially for the 3 best. In best case the SD was 

0.5-0.7 mV, and batch-to-batch reproducibility was a few mV. Therefore using the PPy-

PFOS solid-contact, while controlling the potential with prepolarization the E0 

reproducibility could be improved. 

Table 1.Comparison of data of different series of PPy-PFOS based K+-selective solid-contact electrodes  

Number of 
Electrodes 

Avg. E0
  SD of E0  Avg.E0  

(best 3) 
SD of E0 

 (best 3) 

5 438.2 6.4 440.0 0.5 

5 459.0 26.3 440.1 7.3 

5 459.9 18.0 448.1 8.7 

3 445.2 3.0 445.2 3.0 

5 440.1 4.3 442.9 0.7 

Avg. of averages 448.5  443.3  

SD of averages 10.3  3.4  

 



Water layer test was performed with the assembled K+-selective electrodes (Figure 2.), 

where no water layer formation could be observed, which could be predicted from the water 

contact angle values.  
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Figure 2. Water layer test of PPy-PFOS based K+-selective solid-contact electrodes (RE: Ag/AgCl double junction 

electrode) 

 Perfluorinated alkanoate side chain functionalized PEDOT based solid-contact for 

improved standard potential reproducibility 

We intended to further investigate the performance and possibilities of prepolarization 

using a polymer that is hydrophobic independently of the doping anion. Therefore we 

intended to use a perfluoronated alkanoate side chain to functionalize EDOT, and to form 

a polymer from it as solid-contact (EDOTF).  

The polymer from the perfluorinated alkanoate side chain functionalized PEDOT had 

exceptional hydrophobicity regardless of its oxidation state. The polymer was formed on 

glassy carbon and gold electrodes as well, and we investigated the effect of the 

prepolarization potential. The data is summarized in Table 2. Without prepolarization both 

the potential stability and reproducibility were the worst among all the investigated cases, 

showing the essential role of prepolarization. Using gold substrates resulted in a slightly 

worse performance. The best reproducibility was achieved by polarizing the electrode to 

400 mV (2.7 mV), having almost equal value as the conventional electrode with internal 

solution (2.9 mV). 



Table 2 Summarized data of initial potential stability and reproducibility of different PEDOTF based K+-selective 

electrodes, measured in 0.01 M KCl (RE: Ag/AgCl double junction electrode) 

  

 

 

 

 

 

 

The calibration curves of the prepared electrodes were also obtained. We found no 

significant difference in terms of limit of detection or the parameters in the linear range. 

The best values were obtained with the electrodes prepolarized to 220 mV, the E0 

reproducibility was the best with the electrodes prepolarized to 400 mV. We also 

determined the potentiometric selectivity coefficients, where we also did not find 

significant difference between PEDOTF based solid-contact electrodes and conventional 

ones with internal solution. 

Water layer test was done using the conditioned electrodes. As we expected from the 

exceptional hydrophobicity of the film, there was no observable water layer (Figure 3.).  
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Figure 3. Water layer test of PEDOTF (n73) based K+-selective solid-contact electrodes (RE: Ag/AgCl double 

junction electrode)  

Prepolarization 

potential 

mV 

Electrode 

substrate 

Number of 

electrodes 

Potential 

drift 

µV/h 

Potential 

reproducibility 

(SD) t = 24 h 

mV 

No prepol. GC 5 -1100200 10.7 

220 GC 4 -6024 5.9 

400 GC 5 950130 2.7 

220 Au 4 130210 6.4 

400 Au 4 -660330 7.8 

Conventional electrode 5 3047 2,9 



 Lipophilic carbon nanotubes based solid-contact ion-selective electrodes 

We wanted to test the applicability of prepolarization in terms of potential 

reproducibility on nanostructured materials using a funtionalized carbon nanotube based 

solid-contact. For this purpose we used lipophilic, octadecane modified carbon nanotubes 

(OD-MWCNT), and investigated the E0 reproducibility of the ion-selective electrodes 

having it as a solid-contact. 

The SD values were already surprisingly good enough even without prepolarization 

(Fig. 4; A). However, the potential stability was not adequate enough. The potentials of the 

electrodes were slowly drifting towards 225 mV, so we chose this as polarization potential. 

Following a 20 minute-long polarization we repeated the potential stability measurement 

(Fig. 4;B). We found that both the SD and stability of the potential improved significantly 

(from 647 µV/h  ±292 to µV/h). This proved that polarization can improve these values not 

just in conducting polymers, but also in nanostructured materials. 
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Figure 4. Initial potential stability of OD-MWCNT based  K+-selective solid-contact electrodes (n=5) in 0.01 M 

KCl without prepolarization (A), and following 20 minutes of prepolarization ( at 225 mV; B) (RE: Ag/AgCl double 

junction electrode)  

Besides the polarization we also investigated the effect of short-circuiting. Therefore, 

the prepared ion-selective electrodes were short-circuited for 2 days, and the SD of 

potential and potential stability was determined before and after the short-circuiting (Fig. 

5). Without any treatment the values were basically the same as in the previous case, but 

following the 48 h long treatment the SD values improved significantly. The short-

circuiting was advantageous in terms of the potential stability as well. 
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Figure 5.  Initial potential stability of OD-MWCNT based K+-selective solid-contact electrodes (n=6) in 0.01 M 

KCl without treatment (A), and following 48 hours of short circuiting (B) (RE: Ag/AgCl double junction electrode) 

We calibrated the OD-MWCNT based electrodes simultaneously with PEDOTF based 

ones for better comparison (Fig. 6). As expected, the performance of both types of 

electrodes were practically the same. The slope of the linear range (between 10-1-10-5 M) 

OD-MWCNT based gave 58.2±0.13 mV/decade compared to 57.8±0.74 mV/decade, 

obtained with PEDOTF based, both are Nernstian response. Likewise, both electrode had 

a limit of detection of 5×10-7 M. 
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Figure 6. Calibration curves of  OD-MWCNT and PEDOTF based K+-selective solid-contact electrodes (n=3-3) i 

KCl solutions (RE: Ag/AgCl double junction electrode) 

The necessary sensitivity tests were also done simultaneously for both the PEDOTF and 

OD-MWCNT based solid-contact electrodes. For both type of tests, the OD-MWCNT 

based showed the same response as the PEDOTF based one, i.e. no light or gas sensitivity 

were observable. Lastly water layer test was performed, which showed that the OD-

MWCNT based electrodes effectively hindered the formation of a water layer. To conclude, 

we showed that neither in terms of the analytical performance, nor of the reproducibility 

the OD-MWCNT and PEDOTF based solid-contacts ion-selective electrodes showed no 

significant difference. 



 Gold nanoporous membrane-based ion-selective membranes 

Our goal was to introduce a radically different membrane construction, which are 

compatible also with hydrophilic complexing agents. We intended to achieve this by using 

chemically modified gold nanoporous based membranes (Fig. 7.), an idea inspired by 

natural ion channels. The surface of gold can be modified with thiolated compounds 

regardless of their hydrophobicity. Since all components are covalently attached to the 

surface their leaching is effectively hindered, therefore the lifetime of the membrane can 

be extended. The gold nanoporous membranes had to be modified with compounds bearing 

the same functional properties as a conventional plasticized polymer based membrane, such 

as hydrophobicity, permselectivity and ion selectivity. 

 

 

For ion selectivity we applied a selective complexing peptide (Figure 7. right). For 

permselectivity mercaptodecanesulfonate was used, while we used an alkanethiol for 

hydrophobicity. We found that the hydrophobicity of the membrane was crucial for proper 

ion-selective response. We showed that higher membrane resistance or water contact angle, 

both of which indicate higher hydrophobicity resulted in better selectivities (Fig. 8). 
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Figure 7. Schematic of a Cu2+-selective gold nanopore (left), CGGGH peptide-Cu2+ complex (right) 
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Figure 8. Logarithmic selectivity coefficients of gold nanoporous membrane-based Cu2+-selective electrodes for 

Mg2+ and Zn2+ as a function of membrane resistance 

The gold nanoporous membrane-based ion-selective electrodes showed Nernstian 

response in the 10-6-10-3 M range with a lower limit of detection of 3×10-7 M (Fig. 9). At 

concentration levels exceeding 10-3 M the Debye-length decreases, and the membrane loses 

its permselective response. The potentiometric response was fast and drift-free. 
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Figure 9. Calibration curves of functionalized gold nanoporous membrane-based Cu2+ -selective electrodes using 

CuCl2 solutions (RE: Ag/AgCl double junction electrode).  

The potentiometric selectivity coefficients of the gold nanoporous membrane-based ion-

selective electrodes were compared to values obtained with a conventional PVC membrane 

based electrode, incorporating a lipophilic ionophore. We found that for the most relevant 

cations there was basically no difference or the gold nanoporous based was slightly better, 

however it was much better in case of alkali metal cations.  

 



One of the main goal by using the gold nanoporous membrane was to develop an 

electrode without the leaching effect of active membrane components, therefore prolonging 

its lifetime and stability, since all components were covalently immobilized. To simulate 

and accelerate the rate of the leaching we immersed a gold nanporous membrane, along 

with a conventional PVC membrane having a lipophilic copper(II) ionophore (o‐xylylene 

bis(N,N‐diisobutyldithiocarbamate) into ethanol (Fig. 10). 
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Figure 10. Calibration curves of conventional PVC based and modified gold nanoporous membrane-based Cu2+-

selective electrodes after preparation and after several hours in ethanol 

As it was expected, the PVC membranes completely lost their potentiometric response 

after a few hours, while the performance of the gold nanoporous membranes were 

unaffected. 

5 New scientific results 

1. I have fabricated and utilized for the first time a conducting polymer doped with a 

perfluorinated compound (polypyrrole doped with perfluorooctanesulfonate, PPy-

PFOS) as a solid-contact in ion-selective electrodes. I have proven, that since PPy-

PFOS is more hydrophobic in its oxidized state the formation of a water layer (which 

is responsible for the unstable potential response) under the ion-selective membrane 

is effectively prevented. (Publication 1) 

2. I have constructed for the first time a perfluorinated alkanoate side chain 

functionalized poly(3,4-ethylenedioxythiophene) (PEDOTF) as a hydrophobic 

solid-contact in ion-selective electrodes. I have proved that the standard potential 

reproducibility can be significantly improved with prepolarization. I have shown that 



the analytical performance of the PEDOTF based solid-contact electrodes is equal 

to the values of the state-of-the-art liquid contact electrodes. I have shown that in 

case of the hydrophobic PEDOTF based solid-contact ion-selective electrode the 

water layer (which is responsible for the unstable potential response) is preventable. 

I have proven that the potential of the PEDOTF based solid-contact ion-selective 

electrode is not affected by the concentration of O2 or CO2 in the solution, and that 

the electrodes are not sensitive to light. (Publication 2)  

3. I have investigated for the first time the effect of polarization and short-circuiting on 

the standard potential reproducibility of a purely capacitive solid-contact i.e. 

octadecane modified carbon nanotubes. I have proved that both methods are 

effectively improve the potential reproducibility and potential stability. I have shown 

that in regards of analytical performance there is no significant difference between 

the state-of-the-art purely capacitive based and conducting polymer based solid-

contact ion-selective electrodes. (Publication 3) 

4. I have constructed for the first time a chemically modified gold nanoporous 

membrane based potentiometric ion-selective electrode, which allowed the use of a 

naturally occurring hydrophilic complexing agent (a metal ion binding peptide as a 

proof of concept) with excellent ion-selectivity. I have identified the crucial steps 

and conditions that are required for the adequate ion selectivity through the 

fabrication of a Cu2+-selective solid state ion-channel. The best results were obtained 

by using gold nanopores with a diameter of only ~5 nm and modified with three 

functional thiolated compounds. Cu2+-selective response was achieved after the 

optimal surface composition of the thiolated compounds was determined. 

(Publication 4) 

5. I have proven that the selectivity of the Cu2+-selective peptide modified membrane 

reach the selectivity of the best synthetic ionophores, and in case of alkali metals 

exceeds it.  I have also shown that since all active components (ion-selective peptide, 

ion-exchanger, hydrophobic component) are covalently immobilized to the gold 

surface the lifetime of the membrane is prolonged compared to the PVC membranes. 

(Publication 4) 



6 Applicability 

The ion-selective electrodes are widely used chemical sensors. One of the main goals of 

my work was to develop solid-contact ion-selective electrodes with better potential 

reproducibility and stability. I investigated several types of solid-contacts and possibilities 

to improve the performance of such devices. My work can form the basis of a 

miniaturizable, wearable sensor, that may be produced in large quantities reliably. The 

sensitivity tests verified that the electrodes are not sensitive to small changes in ambient 

environment, such as light or oxygen, therefore real-life applications are possible. As there 

was no water layer formation the long-term potential stability of the electrodes is 

satisfactory. 

By replacing the plasticized PVC membrane with gold nanoporous membranes the 

lifetime could be extended, since all active components are covalently immobilized. 

Therefore, a more stable sensor could be fabricated, while the analytical performance is the 

same or better compared to state-of-art PVC membrane based sensors. The idea can be 

extended to other types of naturally occurring lipophilic complexing agents, therefore the 

development of devices with even better performance is also possible.  
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