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ABSTRACT 

 

SCALABLE CONTACTLESS FABRICATION OF POTENTIOMETRIC 

CHEMICAL SENSORS 

 

Sara Krivačić 

 

University of Zagreb Faculty of Chemical Engineering and Technology 

Trg Marka Marulića 19, 10000 Zagreb 

 

 

Solid-contact potentiometric sensors have emerged as reliable, miniaturized tools for use 

beyond traditional laboratories. As electronic devices, their fabrication has shifted from 

conventional circuit board techniques to contactless printing methods. Among these, inkjet 

printing and automated dispensing offer scalable, low-waste production, though technical 

challenges remain. In this research an inkjet-printable conductive ink based on melamine-

intercalated graphene nanosheets was developed and used to fabricate ammonium-selective 

electrodes. To improve ion-selective membrane deposition, automated dispensing was used 

with optimized membrane formulations. Solid-contact reference electrode fabrication was 

significantly shortened by developing a unique reference membrane using photochemically 

reduced silver chloride. All components were evaluated for performance and stability, 

confirming the potential of printed potentiometric sensors. 

 

Keywords: potentiometric sensors, solid-contact ion-selective electrode, solid-contact 

reference electrode, inkjet printing, automated dispensing.  



  



Prošireni sažetak 

Elektrokemijski senzori su uređaji koji pretvaraju elektrokemijsku interakciju na 

elektrodi u analitički korisnu informaciju. Među njima se potenciometrijski senzori ističu 

jednostavnošću izvedbe. Potenciometrijska ćelija sastoji se od indikatorske (ion-selektivne) 

i referentne elektrode koje s voltmetrom visoke ulazne impedancije zatvaraju strujni krug. 

Posljednjih nekoliko desetljeća minijaturizacija te decentralizacija analitičkih 

protokola dobiva velik značaj, a potenciometrijski se senzori javljaju kao obećavajuće 

platforme za kliničke i okolišne analize. Ključna otkrića koja su omogućila minijaturizaciju 

i razvoj modernih potenciometrijskih senzora jesu (1) zamjena ion-selektivnih stakala s 

polimernim ion-selektivnim membranama temeljenim na ionoforu i ionskom izmjenjivaču, 

te (2) zamjena kapljevitog pretvornika s čvrstim kontaktom. Jednak razvojni smjer 

karakterizira i referentne elektrode. Tako je ostvarena plošna izvedba senzora čije su rane 

proizvodne tehnike utvrđene u proizvodnji tiskanih pločica. Međutim, pokazalo se da su 

one prespore, nekompatibilne s fleksibilnim podlogama te generiraju velike količine 

štetnog otpada.  

Moderne tehnologije proizvodnje elektrokemijskih senzora – sitotisak te injket ispis 

– prikladne su za proizvodnju plošnih elektroda na fleksibilnim podlogama, što posebno 

proširuje obim primjene modernih elektrokemijskih senzora. Sitotisak je trenutno 

dominantna komercijalna proizvodna tehnologija. Međutim, kontaktna priroda ove tehnike, 

potreba za šablonama, niska rezolucija te velika potrošnja materijala čine ga neprikladnim 

za najnovije zahtjeve elektrokemijskih senzora.  

Inkjet ispis – još uvijek istraživačka tehnologija u proizvodnji elektrokemijskih 

senzora – javlja se kao alternativa sitotisku. To je u potpunosti digitalna, beskontaktna, 

visoko precizna tehnologija, koja selektivno i prema potrebi deponira pikolitarske kapljice 

vodljive tinte na razne, često fleksibilne podloge. Tako je ostvarena visoka preciznost i 

niska količina otpada, što ju čini idealnom za razvoj proizvodnih protokola na visokoj skali. 

Međutim, izazovi ostaju u razvoju stabilnih, vodljivih tinti kompatibilnih s inkjet ispisom te 



osiguravanju snažnog prianjanja tinte na podloge od interesa i pravilne naknadne obrade s 

ciljem formiranja električnih vodova, odnosno funkcionalnih elektrodnih slojeva. 

Ova disertacija stoga ima za cilj odgovoriti na takve izazove u izradi ionsko-

selektivnih i referentnih elektroda s čvrstim kontaktom korištenjem inkjet ispisa za 

kontrolirano nanošenje električnih vodova i čvrstog kontakta. Budući da je inkjet ispis 

polimernih ion-selektivnih membrana nemoguć bez prethodnog radikalnog umanjivanja 

masenog udjela čvrstih komponenata membranskog koktela, istraženo je automatizirano 

nanošenje membranskog koktela na plošne elektrode. 

Razvijena je vodljiva tinta temeljena na grafenu (MGNS, melaminom interkalirane 

grafenske nanoplahte) za potenciometrijske senzore proizvedene inkjet ispisom. Grafen je 

odabran zbog svoje visoke vodljivosti, hidrofobnosti i velike površine, idealne za slojeve u 

čvrstom kontaktu koji sprječavaju stvaranje vodenog sloja. MGNS sintetizirane su ekološki 

prihvatljivim mehanokemijskim putem korištenjem grafita i melamina. Tinta za inkjet ispis 

formulirana je u zelenoj smjesi otapala (etanol, voda, etilen glikol) te je pokazala prikladna 

svojstva za inkjet ispis. Tinta je uspješno ispisana na fleksibilne polimerne podloge te je 

obrađena kombinacijom toplinskog tretmana i tretmana intenzivnom pulsirajućom 

svjetlošću (IPL). Izmjerena je električna vodljivost ispisanih uzoraka od 626 Ω/□, čime je 

potvrđena njezina prikladnost za izradu fleksibilnih senzora. 

Razvijena je grafenska tinta nadalje korištena za ispis čvrstog kontakta u razvoju 

planarnih amonij-selektivnih elektroda (SC-ISE). Srebrni kontakti i MGNS sloj ispisani su 

na poliimid, potom termički i IPL obrađeni te modificirani amonij-selektivnom 

membranom. Uvođenje MGNS sloja smanjilo je otpor elektrode s 7,31 MΩ na 4,30 MΩ, 

poboljšavajući prijenos naboja. Elektrode su pokazale osjetljivost 52,0 mV dec
–1

, donju 

granicu detekcije 25,1 μM i visoku selektivnost prema NH4
+
. Ispitan je učinak 

prepolarizacije na zanošenje potencijala. Nakon prepolarizacije zanošenje potencijala je 

smanjeno s –0,39 na 0,10 mV h⁻¹, a linearni raspon proširen na 10⁻⁶–10⁻¹ M uz donju 

granicu detekcije 0,88 μM. MGNS sloj značajno je smanjio zanošenje potencijala zbog 

vodenog sloja (s 16 na 0,22 mV h⁻¹) i osigurao stabilan EMF (RSD 0,59 %). U analizi 



procjedne vode izmjerena je koncentracija amonijevih iona u skladu s referentnom 

metodom. 

Važan dio istraživanja bila je optimizacija sastava polimerne membrane za 

automatiziranu proizvodnju potenciometrijskih senzora. Umjesto razrjeđivanja otopine, 

optimiran je omjer otapala tetrahidrofuran (THF) i cikloheksanon (CH) radi stabilnog 

nanošenja pomoću dozatorskog robota. Analiza topografije boje pokazala je da jednaki 

volumni omjer (THF:CH = 1:1) daje najujednačeniju debljinu membrane. Praćenjem 

impedancijskih profila u stvarnom vremenu tijekom sušenja polimerne membrane utvrđeno 

je da se THF-membrana suši za <1 min, CH-membrana za 23 min, a mješavina za 11,5 

min, sa završnom impedancijom oko 5,6 MΩ. Time je potvrđeno da kombinacija otapala 

omogućuje brže i kontrolirano sušenje. Kalijeva selektivna membrana (K-ISM) izrađena u 

omjeru THF:CH = 1:1 automatski je nanesena na elektrode. Već jedan sloj osigurao je 

stabilan odziv u kliničkom rasponu koncentracija K
+
, dok su dva sloja smanjila standardnu 

devijaciju E
0
 na ±4,0 mV dec⁻¹. Cijeli proces izrade i sušenja traje manje od 30 minuta, što 

omogućuje brzu i pouzdanu automatiziranu proizvodnju senzora. 

Razvijena je planarna referentna elektroda s čvrstim kontaktom (SC-RE) 

kompatibilna s izrađenim inkjet ispisanim senzorima. Unutar membranske matrice 

temeljene na poli(vinil butiralu) (PVB) formiran je Ag/AgCl par pomoću fotoredukcije 

intenzivnom pulsirajućom svjetlošću (IPL). IPL fotoredukcija traje 91 µs, što znatno 

pojednostavljuje izradu SC-RE elektroda. Optimalna energija IPL impulsa bila je 100 J pri 

2000 V, čime se postigla stabilna Ag–AgCl ravnoteža bez prekomjernog stvaranja Ag 

nanočestica. Pripremljene membrane nanesene su na staklenu ugljičnu (GC-RM) i inkjet 

ispisanu srebrnu elektrodu (PE-RM). PE-RM je pokazala bržu stabilizaciju potencijala (3 

min) i manju impedanciju, što ukazuje na bolji električni kontakt između membrane i 

tiskane površine. PE-RM elektrode pokazale su nisko zanošenje potencijala (–0,25 mV h⁻¹), 

dobru ponovljivost (ΔE
0
 < 6 mV) i stabilan odziv u širokom rasponu iona i pH (2–10). U 

testovima s komercijalnim senzorima i redoks sustavom [Fe(CN)6]
3–/4–

, PE-RM su dale 

rezultate usporedive s komercijalnim referentnim elektrodama, potvrđujući njihovu 

pouzdanost i primjenjivost u elektrokemijskim mjerenjima. 



U sklopu ovog istraživanja razvijen je skalabilan, isplativ pristup izradi 

potenciometrijskih senzora korištenjem inkjet ispisa. Električki vodljiva tinta na bazi 

grafenskih nanoplahta optimizirana je s naglaskom na primjenu ekološki prihvatljivih 

sintetskih postupaka, otapala, uzimajući u obzir stabilnost i ujednačenost. Proizvedena je 

fleksibilna amonij-selektivna elektroda s poboljšanim prijenosom naboja i smanjenim 

učinkom vodenog sloja, postižući visoku točnost u stvarnim uzorcima. Novi sustav otapala 

i automatizirana metoda nanošenja ion-selektivne membrane osigurali su ujednačene 

ionsko-selektivne membrane s brzim sušenjem. Fotokemijski pripremljena Ag/AgCl 

referentna membrana osigurala stabilne potencijale na svim podlogama. Ovi napredci 

potvrđuju izvedivost potpuno integrirane inkjet ispisane platforme za mjerenje, otvarajući 

put brzoj proizvodnji i integraciji u mikrofluidičke i nosive uređaje. 

 

Ključne riječi: potenciometrijski senzori, ionsko-selektivna elektroda s čvrstim kontaktom, 

referentna elektroda s čvrstim kontaktom, inkjet ispis, automatizirano doziranje. 
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1. INTRODUCTION 

World population growth, combined with global occurrences such as disease 

epidemics, has shifted the perception of medical diagnostics, moving it gradually from 

specialized laboratories to arrangements designed to be executed and understood by a large 

population of non-experts. Further on, extensively used smart technologies are driving the 

demand for adaptable tools capable of real-time, on-site monitoring and quantification of 

chemical species. With this, the idea of decentralisation of analytical laboratories has been 

proposed and further validated by growing environmental concerns that urged tracking 

ecologically relevant species.  

Chemical information – e.g. concentration– can be investigated using chemical 

sensors. It originates from a specific interaction between the species of interest – an analyte 

– with a recognition element (receptor). A receptor is in direct spatial contact with a 

transducer that converts the energy carrying the sample chemical information into a useful 

analytical signal. The classification of chemical sensors is based on the operating principle 

of the transducer [1]. Relying on spontaneous electrochemical interactions between an 

analyte and a transducer, potentiometric electrochemical sensors are specifically interesting 

due to their operational simplicity, as they require only two electrodes and a voltmeter. In 

such a configuration, the open circuit potential of a sensor (indicator electrode) is measured 

against a reference electrode.  

Potentiometry has been routinely used in many areas, including clinical, biomedical 

[2], environmental [3, 4] and industrial analyses [5], for almost fifty years. During that 

time, two key advances brought up to coining the idea of mass-production and 

miniaturisation of potentiometric sensing systems: substituting ion-selective glasses with 

receptor (ionophore) containing liquid polymeric membranes and the discovery and 

development of solid-material transducers. Compared to liquid counterparts, solid-contact 

transducers enabled planar layered electrode configuration that consists of an electrical 

lead, transducer and an ion-selective membrane. Techniques established in circuit boards 
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manufacturing were adopted at first, however, these were proven to be too slow, compatible 

with only a few substrates, and generated large amounts of toxic waste [6].  

The second wave of planar electrode production was directed towards reducing 

material and energy consumption. The techniques originally developed for the graphics 

industry, namely screen printing and inkjet printing, were implemented. Comparing the two 

techniques, digital non-contact inkjet printing deposits material on demand, gives higher 

resolutions, and does not require masks or templates. Thus, inkjet printing is highly 

desirable when the material to be deposited is expensive or limited, and when the substrate 

material is stress sensitive. It is highly adaptable for research and development of novel 

functional ink formulations [7]. Functional ink development still presents a challenge: the 

ink’s physical properties should be tailored to enable unique droplet generation and 

sufficient adhesion to the substrate. Post-production processing should be considered too, 

as it helps in restoring the electrical conductivity of the printed patterns [6]. Very similar to 

inkjet printing, automated fluid dispensing relies on pressure-driven fluid ejection from a 

nozzle controlled by a robot. Compared to inkjet printing, the nozzles of the dispenser have 

a greater diameter, enabling the ejection of more viscous liquids.   

Within this context, the aim of this dissertation is to resolve challenges associated 

with the production of solid-contact ion-selective and reference electrodes using contactless 

deposition techniques, namely inkjet printing and automated dispensing. To achieve this, 

we first developed an inkjet printable, electrically conductive ink based on melamine-

intercalated graphene nanosheets (MGNS). We explored different solvents and stabilisers 

to enable the jetting of isolated droplets and good adhesion of homogeneous lines on 

polymer substrates. We examined the number of overprints and post-print processing 

conditions needed for achieving electrically conductive inkjet printed patterns. Next, 

ammonium-selective electrodes were fabricated by printing silver nanoparticle ink as 

electrical leads, MGNS ink as solid-contact material, and drop-casting the polymeric 

membrane. By doing so, we examined the possibility of using the MGNS ink as a solid-

contact layer in ammonium-selective electrodes and evaluated the analytical performance 

of the developed electrodes.  
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It is well known that inkjet printing of the ion-selective membrane is extremely 

challenging. To establish means of reproducible membrane deposition in the fewest steps 

possible, we have optimised ion-selective membrane composition for contactless 

deposition, without changing the membrane solute content. The membrane was dispensed 

onto screen-printed carbon electrodes using an automated fluid dispenser. We evaluated 

membrane evaporative drying by tracking the impedance changes as the solvent evaporates.  

Finally, to close the potentiometric circuit, a reference membrane based on the 

silver / silver chloride pair produced by partial photoreduction with intense pulsed light was 

deposited onto different electrically conductive substrates. The stability of the electrode 

response was rigorously tested using different electroanalytical techniques. 

The presented research was concluded to test the following hypotheses: 

1. Improved analytical performance of ion-selective electrodes can be achieved 

using carbon nanomaterials as solid contacts in inkjet printing. 

2. Optimizing the ion-selective membrane allows for contactless automated 

deposition and satisfactory performance. 

3. A solid-contact reference electrode from photoreduced silver chloride will have 

stable potential across a wide concentration range. 
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2. STATE OF THE ART IN THE DEVELOPMENT OF 

SOLID-CONTACT POTENTIOMETRIC SYSTEMS 

2.1. Potentiometry 

A chemical sensor is a self-contained device that gives information on the 

concentration of a specific sample component within a system of interest. The information 

is an analytically useful signal delivered from a series of interactions: an analyte 

specifically interacts with a recognition element (receptor) confined in direct proximity to a 

transduction element. The transducer converts the energy carrying the chemical information 

about the sample into a physical quantity that an end user can interpret. The accepted 

classification of chemical sensors is based on the operating principle of the transducer. This 

classification includes: optical, electrochemical, electrical, mass sensitive, magnetic, and 

thermometric sensors. Electrochemical sensors transform the effect of the electrochemical 

interaction of an analyte with an electrode into a measurable signal. Such effects may be 

stimulated electrically or may result from a spontaneous interaction at the zero-current 

condition [1]. 

Operating at zero-current conditions, potentiometric electrochemical sensors are 

galvanic cells containing an ion-selective electrode (ISE) and a reference electrode (RE), 

Figure 1. The two electrodes are connected to a high-impedance milivoltmeter that ensures 

zero-current measurements. During a potentiometric measurement, a magnitude of potential 

difference between the two electrodes is measured as a function of an analyte 

concentration. The measured potential change is correlated to analyte concentration after 

electrode calibration. 

Potentiometry as an analytical technique appeared at the beginning of the 20
th

 

century, after discovering pH-sensitive glasses. Although pH meters based on thin glass 

bulb electrodes were commercialised in the 1930s [8], the renaissance of potentiometry is 

closely related to the discovery of ion-binding properties of antibiotics valinomycin and 

nonactin in 1965 by Berton C. Pressman [9]. This discovery was followed by extensive 
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research and synthesis of an abundance of ionophores, resulting in receptors for more than 

a hundred ionic species [10]. The research and commercialisation of potentiometric 

analysers are closely related to clinical blood analyses, as potentiometry successfully 

replaced flame photometry in the 1980s, allowing traditional laboratory testing to move 

closer to the patient for improved patient care in the emergency, surgical, and critical care 

settings [11]. 

 

Figure 1. Schematic diagram of an electrochemical cell for potentiometric measurements. 

2.1.1. Conventional ion-selective electrode design 

The response mechanism of ion-selective electrodes stems from its’ design and ion-

selective membrane composition. Modern ion-selective electrodes consist of three key 

functional parts: ion-selective membrane, transducer and electrical lead. 

Ion-selective membrane 

The ion-selective membrane (ISM) is a lipophilic matrix that holds together the 

components responsible for a well-defined potentiometric response: an ionophore and a 

lipophilic ion-exchanger [12]. Historically, different kinds of ion-selective membranes have 

been used. Cremer’s discovery that the potential of a thin glass bulb depends on the pH of 

the solution propelled the systematic study of the glass membrane composition to the 
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electrode response to different charged species. However, these first membranes with fixed 

ionic sites were very brittle and suffered from poor selectivities [13]. The earliest examples 

of polymeric membranes with mobile ionic sites were prepared as ionophore solutions in 

non-volatile and viscous organic water immiscible solvents infused into porous support, 

such as filter paper or glass frit [14].  

The electrodes’ mechanical stability was significantly improved after introducing 

polymers as ion-selective membrane matrices. The ideal polymer provides a rubberlike 

homogeneous medium in which membrane components can move freely, as they do in a 

water-immiscible solvent [12]. During the last fifty years, silicon rubber, photocured 

polymers of acrylic or urethane nature, and acrylic siloxane polymers have been used [15]. 

However, plasticised poly(vinyl chloride) (PVC) remained historically the most relevant 

and still most widely used [12, 14].  

Typically, solvent polymeric membranes contain about 33 wt.% of PVC and 66 

wt.% of plasticiser. Plasticisers are non-volatile organic liquids with relatively small 

molecules that, when mixed with polymers separate polymer chains and lower the 

polymers’ glass transition temperature (Tg) below room temperature. By adding the 

plasticiser, the polymer turns from hard and brittle into soft and flexible. This improves the 

ion mobility within the membrane and lowers the membrane resistance [16]. Mostly used 

PVC membrane plasticisers are bis(2-ethylhexyl sebacate) (DOS) and o-nitrophenyl octyl 

ether (o-NPOE). 
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(a) (b) 

Figure 2. Chemical structure of (a) valinomycin (K
+
 ionophore) and  

(b) nonactin (NH4
+
 ionophore). 

Lipophilic ionophores and ion exchangers are required to obtain a reliable 

potentiometric response. Both are used in relatively small amounts of 1–3 wt.%. An 

ionophore is basically a potentiometric electrochemical sensors’ receptor – it selectively 

binds ions within the membrane. Ionophores’ building blocks include alkyl chains that 

ensure lipophilicity needed to retain the molecule within the membrane; a polar moiety or a 

set of polar functional groups responsible for the target recognition; and hydrophobic 

regions compatible with the surrounding membrane matrix [14]. Among the first and still 

widely used ionophores were those of macrocyclic structure; valinomycin (high selectivity 

to K
+
 ions) and nonactine (high selectivity to NH4

+
 ions) (Figure 2).  

Ionophores are key components for achieving sensors’ high selectivity: a properly 

functioning ionophore should bind the primary ion more strongly than the interfering ions. 

This binding interaction between the ionophore and analyte is expressed with the 

equilibrium constant, βIL. The stronger the interaction with the primary ion, the more 

selective the electrode will be for it [17].  

Most ionophores used in modern ion-selective electrodes are electrically neutral 

molecules in their uncomplexated form. As such, they do not render the ion-exchanging 

properties needed for proper ion-selective electrode functioning. Thus, in the absence of 

negatively charged sites within the membrane, both primary ions (e.g. cations) and anions 

will enter the membrane. Lipophilic ion exchangers are salts that form the counterion of the 
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complexed analyte ion within the membrane, thus maintaining a constant concentration of 

the primary ions within the membrane, and preventing the counterions from the sample 

from entering the membrane. For instance, a cation-selective membrane may contain the 

ionophore and alkali metal salt of tetraphenylborate (TPB
–
), tetrakis[p-chlorophenyl]borate 

(TpClPB
–
) or tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TFPB

–
), with structures 

shown in Figure 3. Anion-selective membranes may be doped with 

tridodecylmethylammonium (TDMA
+
) chloride as anion-exchanger in addition to the 

ionophore [18]. 

 

(a) (b) (c) 

Figure 3. Chemical structure of alkali metal salt of (a) tetraphenylborate (TPB
–
), 

(b) tetrakis[p-chlorophenyl]borate (TpClPB
–
) and 

(c) tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TFPB
–
). 

Conventional (inner filling) transducer 

Conventional ion-selective electrodes are relatively robust, consisting of a tubular 

body made from chemically and mechanically resistant polymer, with a polymeric ion-

selective membrane fixed at the end of the body with suitable glue or clamping. In this 

electrode configuration, the ion-selective membrane is actually a separator between the 

sample and the inner filling solution. For a stable potentiometric response, the potential 

difference between the ion-selective membrane and inner filling solution must remain 

constant during the scope of measurement. Thus, an inner filling must contain a constant 

concentration of an ion to which the electrode is sensitive.  
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Within the membrane and internal filling, ion movement contributes to the 

conductivity, while the electrical contacts are electronic conductors. A reversible 

transduction from the ionic to electronic conductivity is achieved by using an internal 

reference electrode, mostly an Ag/AgCl electrode. This is a second-order metallic 

electrode, where ion-to-electron transduction is based on the following reversible redox 

reaction: 

 AgCl(𝑠) + 𝑒− ⇄ Ag(𝑠) + Cl− (1) 

The internal reference electrode requires a defined chloride concentration to give a 

stable potential. This is achieved owing to the low solubility of the silver salt and by 

ensuring a constant concentration of Cl
–
 ions within the inner filling [16]. 

2.1.2. Conventional reference electrode design 

A stable reference electrode is as equally important as a sensing electrode, as its 

potential stability dictates the integrity of the overall measured electromotive force. Thus, 

the potential of a reliable reference electrode should not drift nor change regardless of the 

sample composition, it should only show minimal temperature dependence without any 

hysteresis, it should obey the Nernst equation concerning species comprised within the 

reference half-cell, and it should be robust to poisoning by chemical species [19]. 

Reference electrodes are typically metallic electrodes of the second order, that is, a 

metal in contact with its low-soluble salt, immersed in a solution containing the anion 

forming that salt. Both the electrode and internal reference solution are contained within a 

reservoir and separated from the sample by a porous glass, polymeric frit, gel, membrane or 

capillary. Silver/silver chloride reference electrode immersed in 3 mol dm
–3

 KCl solution is 

probably the most frequently used in modern electroanalytical practice; it’s non-toxic, 

simple to construct and maintain, and easy to miniaturise [20]. In cases where the reference 

electrolyte is chemically incompatible with the sample or may result in contamination, an 

intermediate salt bridge is placed between the reference electrolyte and the sample solution.  
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2.2. Ion-selective electrode response 

There has been a lot of discussion on the response theory of solvent polymeric 

membrane electrodes during the last 50 years [21]. However, all the models rest on the 

same groundwork: the phase boundary potential model. Potentiometric electrochemical 

sensors measure the potential difference between two electrodes within a galvanic cell 

under zero-current conditions, typically represented as: 

 

where ISM represents an ion-selective membrane and LiOAc is lithium acetate bridge 

electrolyte. The bridge electrolyte is not a necessary component of a reference electrode, 

but it plays a vital role in maintaining a stable ionic environment at the vicinity of the 

porous frit. In practice, lithium acetate is preferred as Li
+
 and OAc

–
 have very similar 

mobilities, suggesting the smallest liquid junction potential, 𝐸J, the potential difference 

generated at the phase boundary of the reference electrode’s intermediate salt bridge and 

the sample solution. The measured electromotive force (EMF) between the two cell 

terminals is the sum of all phase boundary potentials across the cell: 

 𝐸𝑀𝐹 = ∑ 𝐸PB = (𝐸1 + 𝐸2 + 𝐸3 + 𝐸4 + 𝐸5) + 𝐸J + 𝐸M (2) 

Due to the electrodes’ construction, potential differences 𝐸1 to 𝐸5 are sample independent 

and thus constant. The measured EMF can be described as: 

 𝐸𝑀𝐹 = 𝐸const. + 𝐸J + 𝐸M (3) 

where 𝐸J is the liquid junction potential and 𝐸M is the membrane potential. . 𝐸J should be 

kept as small as possible. Then, the only remaining phase-boundary potential that is not 

included in the constant term is the membrane potential: 
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 𝐸𝑀𝐹 = 𝐸const. + 𝐸M (4) 

In conventional electrode design, the ISM is fixed between the inner reference 

electrolyte and the sample. Thus, 𝐸M arises from the phase boundary potential between the 

inner solution and the membrane (𝐸PB), the diffusion within the membrane (𝐸D) and the 

phase boundary potential between the membrane and the sample (𝐸PB∗): 

 𝐸M = 𝐸PB + 𝐸D + 𝐸PB∗ (5) 

𝐸PB can be assumed constant and independent of the sample. The diffusion within the ISM 

becomes insignificant once an electrode is conditioned with a solution of the target ion it 

responds to (the electroneutrality condition). Finally, the potential of the ISM depends only 

on the phase boundary potential between the membrane and the sample, that is: 𝐸M = 𝐸PB∗ 

[12, 14, 22]. These assumptions provide the foundation for the thermodynamical 

considerations for the electrochemical potential at both the aqueous (sample) and organic 

(ISM) phase: 

 𝜇(aq) = 𝜇0(aq) + 𝑅𝑇 ln 𝑎I(aq) + 𝑧I𝐹𝜙(aq) (6) 

 𝜇(org) = 𝜇0(org) + 𝑅𝑇 ln 𝑎I(org) + 𝑧I𝐹𝜙(org) (7) 

Where 𝜇 is the chemical potential (𝜇0 under standard conditions), 𝑧I is the charge, 𝑎I the 

activity of the uncomplexed ion I, 𝜙 is the electrical potential, 𝑅, 𝑇, 𝐹 are the universal gas 

constant, the absolute temperature and the Faraday constant. Assuming that ion transfer is 

fast and reversible and that the organic and aqueous phases are immiscible, the phase 

boundary potential for the condition of electrochemical equilibrium between the organic 

and aqueous phases can be expressed as: 

 
𝐸PB = ∆𝜙 = −

𝜇0(org) − 𝜇0(aq)

𝑧I𝐹
+

𝑅𝑇

𝑧I𝐹
ln

𝑎I(aq)

𝑎I(org)
 (8) 
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After combining the standard chemical potentials into the ion-partition constant related to 

the free energy of the primary ion, 𝑘I: 

 
𝑘I = exp

𝜇0(aq) − 𝜇0(org)

𝑅𝑇
 (9) 

 
𝐸PB =

𝑅𝑇

𝑧I𝐹
ln 𝑘I +

𝑅𝑇

𝑧I𝐹
ln

𝑎I(aq)

𝑎I(org)
 

(10) 

 
𝐸PB = 𝐸0 +

𝑅𝑇

𝑧I𝐹
ln

𝑎I(aq)

𝑎I(org)
 

(11) 

 
𝐸PB = 𝐸0 +

2.303 ∙ 𝑅𝑇

𝑧I𝐹
log

𝑎I(aq)

𝑎I(org)
 

(12) 

𝐸0 is the standard potential that depends on the solvation energies of the ion I in the two 

phases. The Nernstian response to the ion I in the sample phase, that is, the optimal 

selectivity, can only be obtained if the term 𝑎I(org) is constant. Then, the term 𝑎I(org) can 

be included with all other sample-independent potential contributions (𝐸0), giving the 

simplified Nernst equation: 

 
𝐸PB = 𝐸0 +

2.303 ∙ 𝑅𝑇

𝑧I𝐹
log 𝑎I(aq) 

(13) 

The sample solution always contains both primary ions and their counter ions. 

Then, both primary ions (e.g. cations) and their counter ions (e.g. anions) will diffuse into 

neutral ionophore-doped ISM due to the electroneutrality condition. Selectivity towards 

cations (permselectivity) can be obtained by doping a membrane with a lipophilic salt of a 

tetraphenylborate derivative as an anionic site, whereas anion selectivity can be obtained by 

doping a membrane with a salt of a lipophilic tetraalkylammonium as a cationic site [22]. 

Typically, the amount of ion-exchanger is 50 mol% of the ionophore, assuring the excess of 

the free ionophore in the ISM for the analyte binding [23]. 
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Even though both ion-selective and reference electrodes with liquid reservoirs are 

quite robust and easy to make, the accepted setup comes with non-negligible disadvantages. 

Due to the sensitivity of the inner filling solution to evaporation and leakage, they lack 

from restricted temperature and pressure usage. Furthermore, as the ionic strength of the 

sample and internal reference solution differentiates, the developed osmotic pressure results 

in net water transport into or out of the reference solution [24]. Thus, the reference solution 

should be frequently checked and replaced, which is standard laboratory practice. On the 

other hand, to achieve truly miniaturisable sensors that can be integrated into various 

architectures, often unattainable to the conventional sensors’ setup, the liquid reservoir is 

replaced with a solid-state counterpart. In this way, sensor miniaturisation is no longer 

limited by the minimum reference electrolyte volume that does not evaporate during the 

measurement. 

 

2.3. Solid-contact ion-selective electrodes 

A primer to solid-contact ion-selective electrodes (SC-ISE) – presented in 1970 by 

Hirata and Date [25] and followed by Cattrall – is well-known in the electroanalytical 

community as a coated-wire electrode (CWE). The first CWE was obtained by directly 

coating a Pt-wire with a polymeric calcium-selective membrane [26]. Despite the simplicity 

and affordability, the CWE did not stay in use, as the electrode suffered from poor potential 

stability due to the ‘blocked’ interface between the purely electronic conductor (metal wire) 

and the purely ionic conductor (ISM). This interface can be described as an asymmetric 

capacitor having a very small interfacial contact area. Thus, CWEs easily pick up noise and 

suffer from large potential drifts, as they are easily polarizable and prone to the formation 

of a thin aqueous layer at the metal | ISM interface [24].  

Solid-contact electrode configuration presents the last step in modern ion-selective 

(and reference) electrode development. SC-ISEs are obtained by placing an adequate solid 

material in direct spatial contact with an electrode material on one side and an ion-selective 

membrane on the other side. The solid contact is in fact a transducer that acts as a mediator 
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to the potential stability of the electrode, which is a prerequisite for obtaining a reliable 

potentiometric response. Thus, a stable potential of SC-ISE stems from [27]: 

1) Stable and reversible transition from ionic to electronic conductivity 

2) Ideally non-polarizable interfaces with high exchange current densities 

3) Absence of side reactions parallel to the main electrode reaction. 

For any ISE, the input signal is the activity of a specific ion, and the output is an 

electrical potential. Within the ISM, the free charge carriers are ions, however, at the 

membrane | electrically conducting substrate interface, the conversion of the charge carrier 

from ions to electrons must occur. The well-defined ion-to-electron transduction processes 

of SC-ISEs are related to the presence of redox or double-layer capacitance at the SC | ISM 

interface, which is determined by the inherent characteristics of solid-contact functional 

materials acting as ion-to-electron transducers.  

Conductive polymers (CP) were the first materials to be introduced as the solid 

transducer in the early 1990s [28] and were later followed by nanostructured materials [29]. 

The last three decades of ISE development were marked by the introduction of many other 

functional materials classes, including metal nanomaterials [30], molecular redox couples 

[31], and metal-organic frameworks [32]. The transduction mechanism and response of SC-

ISEs is explained by two key mechanisms: 1. high redox capacitance and 2. high double-

layer capacitance; both schematically presented in Figure 4. 
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(a) (b) 

Figure 4. Schematic representation of a transduction mechanism of a solid-contact ion-

selective electrode based on (a) high redox capacitance; (b) high double-layer capacitance. 

2.3.1. High redox capacitance solid contact 

Analogous to the signal transduction of classical ion-selective electrodes with a 

liquid reservoir, high redox capacitance-based ion-to-electron transduction involves the 

reversible redox reaction between the oxidising and reducing species. As illustrated in 

Figure 4(a), the response relies on the phase boundary potential model. At the ISM | 

solution interface the primary ion I
+
 binds to an electrically neutral ionophore, L: 

 I(aq) + L(m) ⇄ I+L(m) (14) 

The interfacial potential at this phase boundary (∆𝜑a1) is determined by the charge 

separation between the ISM and sample, which is related to the primary ion activity, 

according to equation (13). At the second phase boundary – the SC | ISM interface – 𝜑a2 

arises due to the distribution of I
+
 and lipophilic ion-exchanger (R

–
). I

+
 and R

–
 can partition 

both into and from the SC causing a local redox reaction within the SC [Hu (2016)] [24]: 

 CP+A−
(solid contact) + I+

(ISM) + e− ⇌ CP0A−I+
(solid contact) (15) 

 CP+R−
(solid contact) + e− ⇌ CP0

(solid contact) + R−
(membrane) (16) 
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where CP denotes the conductive polymer, A
–
 is the doping ion of the CP, I

+
 is the analyte 

cation, and R
–
 the hydrophobic counter ion (ion-exchanger). Consequently, the interfacial 

potential at the SC | electronic conductor interface (∆𝜑a3) arises due to the electron flow 

to/from the electrically conductive substrate, enabling the electrical potential difference to 

be measured by the equipment [33]. It is assumed that both ∆𝜑a2 and ∆𝜑a3 are constant 

values and are actually included in the term 𝐸0 in equation (13). 

The high redox capacitance comes from redox buffering properties of materials that 

contribute to the electrical conductivity by mixed electronic and ionic conductivity. The 

potential drift at the SC | ISM interface can be related to the SC capacitance: 

 
potential drift = ∆𝜑a2 =

∆𝐸

∆𝑡
=

𝑖

𝐶
  

(17) 

For a given constant electrical current 𝑖, there will be a change in the electrode 

potential with time. As the current-flow through a potentiometric cell is infinitesimally 

small, the potential drift falls as the capacitance, 𝐶 increases, buffering the potential drifts 

due to ‘blocked’ interfaces [21]. 

Historically most important representatives are conducting polymers. Polypyrrole, 

poly(3-octylthipohene), polyaniline, and poly(3,4-ethylenedioxythiophene) (PEDOT) are 

most often used as SC-materials [21]. Their properties can be relatively easily tailored by 

doping and functionalization. For example, PEDOT was functionalized with perfluorinated 

alkanoate side chain, which significantly increased the materials’ hydrophobicity, thus 

reducing the possibility of water-layer formation and increasing the sensors’ lifetime [34]. 

However, conducting polymers’ redox activity can cause drift to the measured potential; 

polyaniline is well-known for its’ pH sensitivity and it should not be used in combination 

with H
+
 and OH

–
 permeable membranes [24].  

Other electroactive materials that rely on high redox capacitance properties have 

also been investigated. Redox couples that maintain a stable and reproducible potential in 

environments containing oxidising or reducing impurities, or systems where small currents 
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are passing were investigated. Lipophilic redox-active self-assembled monolayers (SAMs) 

as transducers were introduced by Pretsch’s group [35]. In principle, SAM-based redox 

mediators adhere strongly to the Au electrode through strong Au–S bonds, forming a 

compact lipophilic layer that supports ISM deposition and simultaneously enables signal 

transduction via their redox-active terminal groups. Terminating groups such as 

tetrathiafulvalene [36] and ferrocene [37] have been shown to significantly improve 

sensors’ response stability. Alternative redox mediators which do not require the Au-

electrode surface have been studied. Bühlmann’s group reported a SC-ISE based on 

tetrakis(pentafluorophenyl)borate (TPFPB
–
) salts of cobalt(II)tris(1,10-phenanthroline) 

([Co(phen)3]
2+

) and cobalt(III)tris(1,10-phenanthroline) ([Co(phen)3]
3+

) [38]. These highly 

lipophilic salts were directly mixed into a solvent PVC-based ion-selective membrane that 

was drop-cast onto various electrode supports, giving electrodes of exceptional E
0
 

reproducibility.  Michalska et al. showcased that a combination of two different compounds 

containing metal ions in different oxidation states, cobalt(II) porphyrin and cobalt(III) 

corrole can effectively stabilize the redox potential at the backside of the ISM, assuring 

high reproducibility of recorded potentials in time [39, 40] conductive nanomaterials 

2.3.2. High double-layer capacitance solid contact 

For transducers that do not rely on the reversible redox reaction, the signal 

conversion stems from charging and discharging phenomena at the SC | ISM phase 

boundary. Thus, this phase boundary can be regarded as an asymmetric capacitor, that is, an 

electrical double layer, where ions accumulate on one plane (ISM), while electrons or holes 

accumulate on the other plane (SC). This is schematically illustrated in Figure 4(b). Again, 

based on the phase boundary potential model, the potential change at the ISM | solution 

interface (∆𝜑b1) stems from the partitioning of ion I
+
 between the two phases (equation 

(14)), and is described by equation (13). The interfacial potential at the asymmetric 

capacitor (∆𝜑b2) develops due to the charge attraction and relies on the charge quantity in 

the electrical double layer. Its’ stability against drifting is defined by the capacitance value 

of the asymmetric capacitor and it follows the equation (15). Finally, at the electronic 

conductor | SC interface (∆𝜑b3) arises due to the electron flow to/from the electrically 
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conductive substrate. The described transduction mechanism is purely capacitive, as 

functional materials do not exhibit redox behaviour [33]. 

A routine method to increase the double-layer capacitance is to increase the 

interfacial SC | ISM contact area without necessarily increasing the geometric projection of 

the solid contact [24]. This is done by utilising electrically conductive nanomaterials as SC, 

such as sp
2
-hybridized carbon nanomaterials. Reduced graphene oxide [41], graphene [42], 

carbon nanotubes [43], fullerene C60 [44] and metal-organic frameworks [32] were shown 

to improve the potentiometric response stability, repeatability and reliability. These 

materials act as an extension to the electronically conducting electrode and do not suffer 

from redox side reactions, gaseous or light interferences, or thin water-layer formation.  

2.3.3. Solid-contact materials characterisation 

Originating from the phase-boundary response model, the measured ion-selective 

electrode potential stems from the phenomena happening at the ISM | sample phase 

boundary. All the other phase boundary-related potential drops are sample independent and 

are included in the standard potential value, 𝐸0. Thus, 𝐸0 – obtained by electrode 

calibration – depends on the identity of the SC material. 𝐸0 stability and reproducibility, 

both of a single electrode and within the series of equally fabricated electrodes, present the 

ultimate goal of SC-ISE development for a large-scale production. 𝐸0 stability and 

reproducibility stem from two key properties of a solid contact material: capacitance and 

hydrophobicity.  

 SC materials’ hydrophobicity is crucial against unwanted thin water layer formation 

at the SC | ISM junction. Since the polymeric ISM uptakes water during the conditioning, a 

nanometre-thin aqueous layer forms at the SC | ISM junction if an ISM does not adhere 

well to the SC and/or the SC is not sufficiently hydrophobic. This thin aqueous layer acts as 

an intermediate liquid reservoir, just as in the conventional ISE setup. However, its’ 

composition is altered upon sample changes, leading to drifting potentials [45]. Water 

accumulation at the backside of the ISM causes drifts  – slow, non-random changes in the 
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measured open circuit potential (OCP) kept in a solution of constant composition and 

temperature [46].  

 Pretsch’s group proposed a protocol to detect the thin water layer presence by 

detecting the sample-related variation of aqueous layer at the SC | ISM junction [45]. This 

protocol is well-known in the sensor community as the water-layer test (WLT). The 

theoretical potential readings of a positive and negative WLT are depicted in Figure 5.  

 

Figure 5. Theoretical potential readings of the SC-ISEs in the presence (red line) or in the 

absence of a thin water layer (green line) during the water layer test. 

In principle, the electrode is first contacted with a primary ion solution (step 1), then 

the solution is replaced by an interfering ion solution (step 2) and finally, the electrode is 

placed back in contact with the primary ion solution (step 3). The observed response drop 

in step 2 is due to the preference for the primary ion. Drifts in steps 2 and 3 are the key 

indicators to the outcome of the WLT. A negative WLT is characterised by the fast 

potential stabilisation and the absence of drifts in steps 2 and 3 (see green line in Figure 5). 

 Positive WLT shows strong drifts in steps 2 and 3. After conditioning the electrode 

with primary ion solution (step 1), it is assumed that water layer of negligibly small volume 

contains only primary ions. In step 2, as soon as the first small amount of the discriminating 

ions reaches the inner membrane surface, due to the membrane selectivity, the interfering 

ions are expelled from the membrane, and replaced with the primary ions from the water 
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layer, causing the measurement of a positive drift (when discussing a cation-selective 

electrode). In the opposite case of exchanging the interfering ion with the primary ion (step 

3) at the sample side, the change of the potential at the back of the membrane solely 

determines the measured drift. In particular, during step 3 at the backside of the membrane, 

the discriminating ions are replaced with the primary ions – this process completely 

determines the potential drift of the electrode. Because this process is very slow, step 3 in 

practice takes multiple hours recordings.  

Long-term drifts are caused by Fickian diffusion of ions within the thin aqueous 

layer [45]. SC materials wetting properties are usually inspected by water contact angle 

measurements – the higher this value, the greater the SC material hydrophobicity and, 

ultimately better stability against water layer formation [47]. 

Apart from the slow ionic fluxes within the water layer, potential drifts stem from 

the blocked interface at the back of the ISM. In practice, all solid contacts are polarized to 

some extent, as a very small input current of an amplifier is imposed on the potentiometric 

cell during the measurement. In electrochemistry, solid interfaces are commonly illustrated 

using electrochemical equivalent circuits, most commonly a series of parallel resistor-

capacitor elements. Applying small constant direct current perturbations to the SC-ISE 

influences the observed potential response in the following way: 

 
𝐸 = 𝑖𝑅t +

𝑖𝑡

𝐶L
  

(18) 

Where 𝑖 is the applied electrical current, 𝑡 is the time of measurement, 𝑅t is the total 

resistance of the electrode dominated by the presence of the ISM, 𝐶L is the low frequency 

capacitance of the electrode, that is the redox/double layer capacitance of the SC-layer. 

When the applied current is constant, equation (18) can be summed to equation (17) that 

basically shows that a large 𝐶L is necessary for a satisfactory potential stability [33]. The 𝐶L 

value is then determined from the resulting potential jump after applying a constant current 

of a positive and negative sign. The method is known as constant current 

chronopotentiometry and is a routine SC-ISE characterisation technique.  



21 

 

Electrochemical impedance spectroscopy (EIS) is another routinely used technique 

for SC-ISE characterisation, as it gives information on both low-frequency capacitance and 

electrode resistance [29, 48]. In EIS, a small amplitude AC voltage is superimposed on a 

DC voltage that is applied to the working electrode and the resulting response is obtained 

over a wide range of frequencies. From the obtained impedance spectra – presented as 

imaginary impedance versus real impedance (Nyquist plot) or impedance amplitude versus 

frequency of the input signal (Bodé plot) – by equivalent electrical circuit modelling one 

can obtain numerical values of capacitances and resistances related to different electrode 

elements. 

 

2.4. Solid-contact reference electrodes 

A typical solid-contact reference electrode (SC-RE) consists of an electrically 

conducting support, a transducer and a reference membrane. The simplest and most 

practical form of a SC-RE is a quasi-reference electrode: a silver/silver chloride wire or 

pad. However, its reliability is determined by the solubility of the thin AgCl layer and the 

electrodes’ sensitivity to chloride and other interfering ion concentrations [49].  

A true solid-state reference electrode can be constructed simply by covering the 

Ag/AgCl layer with a protective Cl-ion containing membrane that serves as an internal 

filling. A Ag/AgCl SC-RE was fabricated by smearing KCl-containing agarose gel onto a 

chemically chlorinated Ag-electrode surface [50]. The electrodes had shown satisfactory 

performance in potentiometric tests. However, the authors reported limited electrode 

lifetime due to agarose gel dehydration and shrinkage. Storage stability of Ag/AgCl-based 

SC-REs was significantly improved by depositing a commercial UV-curable paste mixed 

with ground KCl powder [51]. 

An important practical consideration in designing novel reference electrodes is 

ensuring their compatibility with the indicator electrodes they will be paired with. Solid-

contact reference elements can be made in the same manner as SC-ISE, by layering 
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electronic conductors other than silver and silver chloride with a transducer element and a 

reference membrane. Michalska’s group reported a stable and reliable SC-RE consisting of 

glassy electrode support, electrodeposited polypyrrole transducing layer and a poly(n-butyl 

acrylate)-based reference membrane doped with AgCl and KCl powder [52]. 

Considering the mass production, it is utterly important to define ways of 

simplifying electrode construction by removing unnecessary steps in the fabrication. Wang 

and coworkers developed a valuable strategy for a reference element applicable to Ag/AgCl 

pads [53]. A polyvinyl butyral (PVB) methanol solution was mixed with an excess of NaCl 

and deposited onto a Ag/AgCl surface. The validity and suitability of this reference element 

for various fully integrated sensor arrays were broadly demonstrated by many research 

groups [54-58]. Andrade and coworkers continued on this research and developed a 

reference element applicable to various non-silver conducting surfaces [59]. They added 

AgNO3 to a NaCl-containing PVB methanol solution. Upon sonication, AgCl was formed, 

with NaCl in excess. This formulation was exposed to a light bulb for 10 minutes, allowing 

for a partial photoreduction of AgCl to Ag. Finally, the formulation was drop-cast onto 

glassy-carbon electrode supports and dried, forming a self-standing, reliable reference 

membrane.  

 Alternatively, reference electrodes containing ionic liquids have emerged [60]. Ionic 

liquids are liquid-state organic salts, composed of an organic cation and an organic anion 

[61]. Ionic liquids can easily be mixed within a plasticised PVC membrane and deposited 

onto a solid contact of choice [62]. The potential stability of ionic liquids-based reference 

electrodes is based on the partitioning of the ionic liquids at the membrane | solution phase 

boundary, that is their leakage. Because of that, ionic liquids-based reference electrodes 

have very short working life [63]. 

Typically, reference electrodes’ performances are characterised by the drift 

measurements in solutions of different ionic composition and concentration. A drift value is 

typically expressed as a millivolt change per hour. When constructing a SC-RE, one must 

aim to minimising drifts, regardless of the sample concentration or composition.  
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2.5. Analytical characteristics of solid-contact potentiometric sensors 

Analytical characterisation of a sensor is the last step preceding the intended use. 

Regardless of the transducer type, there are several analytical characteristics describing a 

potentiometric sensor: sensitivity and dynamic linear range, limit of detection (LOD), 

selectivity, stability, reproducibility, reversibility, response time, and lifetime. Different 

sensors can be compared based on these Figures of merit, bolding the suitability of a 

particular system for its intended application. 

Potentiometric sensor calibration is performed by recording the open circuit 

potential of the potentiometric cell as a function of standard solution concentration 

(logarithmic concentration change). A typical calibration curve is illustrated in Figure 6. It 

consists of a dynamic linear range obtained by linear fitting that gives an equation with a 

slope equal to the sensors’ sensitivity and an intercept equal to the sensors’ E
0
 value. The 

theoretical sensitivity is defined by the Nernst equation as (2.303𝑅𝑇)/𝑧I𝐹, that is, 59.2/

𝑧I mV dec−1 at 25 °C, showing that the sensitivity depends on the number of charges of an 

analyte. 

 

Figure 6. An example of a calibration curve of a monovalent  

cation selective potentiometric probe. 
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The linear range is defined by the lower LOD and the upper LOD. LOD is the 

limiting concentration above which (for lower LOD) or under which (for upper LOD) the 

analyte can be reliably detected. In the case of cation-selective ISEs, it was found that the 

lower LOD stems from cation interference, due to primary ion leaking from the ISM into 

the solution of very low concentration, while the upper LOD appears due to anion 

interference, due to the loss of permselectivity at high concentrations of charged species 

(and vice versa for anion-selective membranes) [64]. Thus, for potentiometry, IUPAC 

recommends that the upper and lower LOD are determined as the intercepts between 

different linear segments of the calibration curve (see Figure 6) [65].  

Important information can be extracted from calibration: sensors’ lifetime. It is the 

period within which slope, LOD and E
0
 do not change to any significant extent, that is, the 

sensors’ response is reliable. 

Selectivity is unarguably the most important property of a sensor, as it determines 

whether a reliable measurement in the target sample is possible. It is defined as the degree 

of the sensors’ ability to discriminate the primary ion (analyte) from any other ions present 

in the sample solution. Nikolskii and Eisenman have noticed that the potentiometric 

response to the primary ion (I) in the presence of interfering (discriminating) ions (J) 

deviates from the response in solely primary ions solution [66]. They have shown that a 

precise description of a potentiometric response in the presence of both ions I and J is in 

fact a Nernstian equation extended by the factor 𝐾𝑖,𝑗
𝑝𝑜𝑡𝑎

𝑗

𝑧𝑖
𝑧𝑗⁄

 : 

 

𝐸PB = 𝐸0 +
𝑅𝑇

𝑧𝑖𝐹
ln [𝑎𝑖 + ∑(𝐾𝑖,𝑗

𝑝𝑜𝑡𝑎
𝑗

𝑧𝑖
𝑧𝑗⁄

)

𝑗≠𝑖

] (19) 

where 𝐾IJ
pot

 is the potentiometric selectivity coefficient, whose thermodynamic definition is 

given elsewhere [14]. Sensors’ selectivities are usually presented in the literature as the 

logarithm of 𝐾IJ
pot

: a negative value indicates the preference to the primary ion relative to 

the interfering ion, a positive value indicates that the sensor is not selective to the analyte. 
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 Two methods for calculating 𝐾IJ
pot

 recommended by IUPAC are based on equation 

(17): separate solutions method (SSM) and fixed interference method (FIM). In SSM, the 

sensor is calibrated in two separate solutions: a solution containing only the primary ion, 

and a solution containing only the interfering ion. Then, the measured open circuit potential 

values at 𝑎I = 𝑎J are used to calculate the 𝐾IJ
pot

: 

 
log 𝐾IJ

pot
=

(𝐸J − 𝐸I)𝑧I𝐹

2.303𝑅𝑇
+ (1 − 𝑧I 𝑧J⁄ ) log 𝑎I (20) 

In FIM, the potentiometric cell is calibrated in a mixed solution of ion I containing a 

constant background concentration of ion J. Then, 𝐾IJ
pot

 is described by equation (21), 

where 𝑎I equals the lower LOD [67]: 

 𝐾𝐼,𝐽
𝑝𝑜𝑡 =

𝑎𝐼

𝑎𝐽

𝑧𝐼
𝑧𝐽⁄

 
(22) 

There has been a lot of discussion on the accuracy of the methods for potentiometric 

selectivity quantification. Still, there is no explicit consensus on which methods give the 

truest selectivity values, as the most prevalent concerns are related to situations when 

𝑧I ≠ 𝑧J [68]. 

Potentiometric response reversibility is determined by the presence or absence of 

hysteresis. According to IUPAC, hysteresis is the electrode memory that occurs as a 

difference in measured open circuit potential in solutions of the same primary ion 

concentrations, between which the sensor was exposed to a primary ion solution of 

different concentration. The standard deviation of the data collected in a series of 

measurements in solutions of the same concentration of primary ion (after removal and 

washing the electrodes) is called reproducibility [46]. 

The sensor’s response time is the interval which passes between the first contact 

with a sample and the first moment when the open circuit potential change with time 

(ΔE/Δt) reaches a limiting value that fulfils the required accuracy of the measurement [46]. 
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It is often reported in the literature as t95 – a period needed to achieve 95 % of the 

arbitrarily chosen limit value. A concentration dependence of response time was observed: 

the response time is usually longer closer to the lower LOD, while in the dynamic linear 

range it is generally quite short. This discrepancy can be reduced by using highly efficient 

ion-to-electron transducers.  

 

2.6. Scalable fabrication of potentiometric sensors 

With the development of solid-contact transducers, sensors evolved into electronic 

devices: layered structures made of insulating substrates decorated with electrically 

conducting lines. Thus, fabrication technologies previously developed within the 

electronics industry – photolithography, chemical and physical vapour deposition, and 

vacuum deposition – were the first means of producing solid-contact sensing systems. 

Unluckily, these procedures are confined to rigid substrates only, they are expensive, slow, 

and wasteful [69]. Novel electronic devices are sought to be lightweight, flexible and cheap 

and, most importantly, mass-produced. Thus, novel materials and sensor design 

development is followed by a simultaneous development of suitable fabrication (and post-

production) techniques. 

During the last decade, screen printing and inkjet printing – techniques originally 

developed in the graphics industry sector – have become the state of the art in layered 

electrochemical sensors production [7]. As both techniques were previously well adapted 

for large scale production, they are known for their low cost, high throughput, reduced 

material wastage, and facile manufacturing processes [70]. 

2.6.1. Screen printing 

Screen printing entered the arena of solid-state sensors production some time before 

inkjet printing [7] and still dominates the market of miniaturised sensors. This technique is 

based on forcing the ink through a screen limited by a stencil on a substrate. The mesh 

screen is usually made of a fine, porous mesh of fabric, silk, synthetic fibres or metal 
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threads [71]. The printing process consists of several steps, as schematically shown in 

Figure 7.  

During the screen-printing process, ink is first deposited across the surface of the 

screen, which is aligned above a stencil positioned on the substrate. A squeegee – a blade-

like rubber tool used in screen printing – is then passed across the screen under applied 

force. This action deflects the mesh downward into contact with the substrate, driving the 

ink through the permeable regions of the stencil in a controlled manner. The squeegee 

simultaneously imposes both vertical and horizontal (shear) stress on the ink, ensuring 

uniform deposition while also removing the residual ink from the screen, thereby 

preventing accumulation on the screen surface [72].  

 

Figure 7. A schematic figure showing the principle of flat-bed screen printing.  

Adapted from [71]. 

Screen printable inks are viscous and of thixotropic nature; their viscosity decreases 

with an increase in shear rate of a squeegee, facilitating shear thinning of inks and helping 

flow through the unblocked pores. Due to the inks’ thixotropic nature, after the ink passes 

through the mesh onto the substrate, it becomes more viscous again, minimizing the 

tendency for uncontrolled spreading and contributing to precise designs [73]. Due to its 

working principle, screen printing requires relatively high amounts of ink and produces 

shapes with thicknesses in the range of a dozen to more than a hundred micrometres [74]. 

Such patterns are thicker than those obtained by other printing methodologies. Thus, screen 

printing is considered to be thick film technology [75]. 

The literature on screen-printed electrically conductive inks is quite saturated. 

Carbon-based (nano)materials [76-78] are very common, due to their low cost and excellent 
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electrochemical properties. Metal nanomaterials-based inks are mostly used for printing 

electrically conductive leads [79, 80]. 

Even though it is widespread, this technology comes with serious drawbacks. The 

first is associated with the large amounts of ink needed. Since not all the applied ink passes 

the stencil, there is a lot of wasted ink. Next, any modifications to the design of the printed 

pattern first imply the need for a new stencil design and fabrication. The mesh tends to 

stretch after prolonged use, contributing to batch-to-batch variation and lowering the 

printing quality. Finally, due to the character of the technique, the resolution of the printed 

patterns is restricted, posing serious drawbacks for printing complex patterns. 

2.6.2. Inkjet printing 

The idea of the selective ejection of tiny droplets of fluid onto a paper support can 

be traced back to 1867 when William Thomson proposed using electrostatic forces to 

control the release of ink drops onto paper. However, the method was commercialised 

sometime after, in 1951, by Siemens, after achieving programmable computer support [81].  

Inkjet printing (IJP) is a non-contact materials deposition technique based on the 

selective break-up of liquid jets into a series of repeatable droplets, their deposition onto a 

substrate of choice and drying and solidification that produces a solid, continuous deposit. 

The printing process is contactless, as no external mechanical pressure is applied to the 

substrate. This prevents damage and contamination to pre-patterned components, which is 

the major problem in contact-printing techniques, such as screen printing [6]. Having a 

contactless character, IJP is highly suitable for flexible and soft substrates, but also for 

curved and textured surfaces. Operating at room temperature, it enables printing on 

substrates that usually do not withstand high temperatures. 

Both the printing and droplet generation are digitally governed, enabling rapid 

prototype creation and reproduction. Droplets are generated by two means: continuous 

inkjet (CIJ) and drop-on-demand inkjet (DoD). In CIJ, a continuous stream of droplets is 

generated by a pressure pulse and directed by applying an electrical potential difference 

relative to the ground. Individual drops in the stream are steered into the gutter by charging 



29 

 

the deflection plates (see Figure 8a) and recycled later in the printing. A continuous 

character makes CIJ wasteful; another issue is the possible contamination of the ink during 

recycling [82]. Thus, CIJ is more common in packaging mass production, and DoD is the 

most suitable for research and development of functional materials deposition.  

 

Figure 8. Inkjet printing principles: schematics of (A) CIJ, and DoD inkjet printing with (B) 

piezoelectric and (C) thermal head. (D) The complete inkjet printing process, showing the 

droplet jetting, spreading and drying stages. Adapted from [71]. 

Drop-on-demand inkjet printing is based on selective droplet generation, using 

either a thermal or piezoelectric actuator, as illustrated in Figure 8b and c. Drop positioning 

is achieved by locating the printer nozzle above the desired location on the substrate before 

the droplet ejection. In thermal DoD, an actuator (a small thin-film heater) is placed in 

contact with an ink container and heated to produce a vapour bubble that pushes an ink 

droplet through the nozzle. Thermal DoD is hence applicable only to relatively volatile inks 

(or inks containing a volatile component). Piezoelectric DoD is based on a pressure pulse 

generated by direct mechanical actuation by the voltage input. Different voltage waveforms 

can be superimposed on the actuator, influencing the droplet size and enabling the ejection 

of fluids with different physical characteristics [83, 84]. Typical print heads produce 
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droplets with volumes between 1 and 100 pL, which directly affects the printing resolution 

[85]. 

Ink formulation is the key step preceding the jetting process. This includes choosing 

an appropriate functional material particle size, solvent (mixture of solvents) and stabilisers 

to ensure: 

a. formation of the isolated droplets at the printer nozzle, 

b. absence of the satellite (secondary) droplets that lead to ink deposition in 

unwanted areas, 

c. stability against aggregation and sedimentation. 

The droplet jetting behaviour cannot be predicted, but the ink’s physical 

characteristics give a general idea about the fluid printability. The most important are the 

density, surface tension, and viscosity of the ink. These are conveniently combined in 

dimensionless numbers: Reynolds number (Re), Weber number (We) and the inverse 

Ohnesorge number (1/Oh): 

 𝑅𝑒 =
𝜈𝜌𝑎

𝜂
 (23) 

 
𝑊𝑒 =

𝜈2𝜌𝑎

𝛾
 (24) 

 1

𝑂ℎ
= 𝑍 =

𝑅𝑒

√𝑊𝑒
=

√𝛾𝜌𝑎

𝜂
 (25) 

where 𝜈 is the velocity of the ejected fluid, 𝜌 is the mass density, 𝑎 is the distance of the 

nozzle to the support, 𝜂 is the dynamic viscosity, and 𝛾 is the surface tension of the fluid. 

Different limiting Z-values have been reported, but a printable ink is generally 

characterised by 10 > Z > 1. Highly viscous fluids show low Z-values, meaning difficulty to 

jet, whereas high Z-values indicate possible satellite droplet formation [86]. Importantly, 

the solvent boiling point must be considered to prevent ink evaporation that would block 

the nozzle. Typical fluids used for inkjet printing have a density close to 1000 kg m
−3

, 
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viscosity of around 20 mPa s, and surface energy below 0.1 Jm
−2

. Drop size is related to the 

nozzle diameter; drops typically have diameters <100 μm. Considering the functional 

material particle size, 1 % of the nozzle diameter particle size is advised to avoid clogging 

[87]. 

 The unique droplets of the functional ink are directed towards the substrate. Droplet 

deposition happens in two steps: first is the impact-driven stage lasting less than 1 s, 

followed by droplet spreading. The ratio of the initial kinetic energy of the impact and the 

ink viscosity determines the diameter of the drop, while the surface energy at the 

ink/substrate defines the further spread or pinning of the drop [85]. This droplet footprint 

determines the resolution of the printed pattern: it depends on the interactions of the droplet 

with the substrate, solvent evaporation rate and the capillary flow.  

Compared to conventional graphics printing, where isolated drops produce a 

pixelated image, in materials printing it is extremely important that drops overlap to 

produce patterns with continuous features, e.g. electrical conductivity. Thus, in electronic 

materials printing, patterns are built from the interactions between the individual droplets at 

the substrate.  

The final step in the printing process is the evaporative drying of the printed pattern, 

that is, the drop solidification. Controlled drying is utterly important in functional materials 

printing, as it directly influences the solute distribution of a finished product. Evaporative 

drying is accompanied by receding the ink/substrate contact angle and solute redistribution. 

Solvent evaporation is the fastest at the edges of the droplets (or a pattern), especially if the 

droplet pins to the substrate. This is because the pattern is the thinnest at the edges, so the 

vapour transport is the easiest and the precipitation occurs the fastest [82]. Consequently, 

the solvent will flow towards the edges via capillary flow, and the solute will accumulate 

there, finally forming a characteristic ring-like structure, where the solute has segregated 

during the drying process [82]. This structure inhomogeneity, known as the coffee-ring 

effect (CRE), can be overcome by using a mixture of solvents characterised by significantly 

different surface tensions or boiling points [86, 88]. In doing so, a reverse Marangoni flow 

is induced by the surface tension gradient within the droplet (see Figure 9). 
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Due to the thermodynamic size effect, metal nanoparticles’ melting point is 

significantly reduced compared to the bulk metals, enabling sintering at lower temperatures 

[86]. Among them, silver (AgNP) and gold nanoparticles (AuNP) dominate as they show 

superior conductivities. Thus, these materials are most used for fabricating electrical 

contacts and electrically conductive leads.  

These inks are usually prepared by the bottom-up approach, where nanosized 

materials are synthesized from atomic-level precursors [89]. In principle, wet chemistry 

procedures rely on the chemical reduction of metallic ions originating from inorganic salts. 

As the reaction proceeds, the concentration of the formed metallic atoms reaches a 

supersaturation level and triggers the self-nucleation process – metallic atoms aggregate to 

form rapidly growing nanocrystals. Due to a characteristically high ratio of atoms on the 

surface and the interior, the nanocrystals are thermodynamically unstable and prone to 

aggregation [90]. Unprotected nanocrystals will continue to grow indefinitely and produce 

an unstable colloidal system from which large, aggregated particulates will precipitate. 

Stabilising agents that prevent aggregation and uncontrolled particle growth are added to 

the reaction mixture to prevent this. These are usually relatively bulky molecules that 

contain a group that binds to the metal nanoparticle on one end, and the functional group 

responsible for the stabilization on the other end. Different mechanisms of metallic 

nanoparticle stabilization using capping agents include electrostatic, steric, electro-steric 

and hydration mechanisms [91]. 

The introduced principle of inkjet printing implies picoliter-size droplet ejection. 

Accounting for the solvent (or solvent mixture) boiling point is one of the key factors in 

assuring successful printing. Volatile formulations cannot be efficiently inkjet printed 

because their quick evaporation causes nozzle blocking and difficult droplet formation, 

leading to inconsistent prints and printing failure. Considering that the typical ion-selective 

membrane utilises highly volatile solvent THF, inkjet printing of the polymeric membrane 

presents a huge challenge. Solely replacing THF with a less volatile solvent, such as 

cyclohexanone, does not enable stable and reproducible jetting, as the resulting fluid is too 

viscous for the delicate printer head geometry. Both ion-selective and reference membranes 
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have only been successfully inkjet printed after significantly lowering the solute membrane 

content. This requires dozens of overprints, bolding the material consumption, fabrication 

time and the cost of the overall production. This becomes a significant hurdle when 

transferring to a large-scale production.  

Among the two state-of-the-art electrochemical sensor fabrication technologies, late 

bloom inkjet printing stands out due to its reduced material consumption, non-contact 

character, and completely digital control of the printed patterns. Compared to screen-

printing, inkjet printing significantly cuts the ink consumption (and therefore costs) making 

it extremely valuable for highly conductive metallic inks deposition in electrical leads 

fabrication. 
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Figure 9. Schematic representation of coffee-ring effect formation. 

Adapted from [92] and [93]. 
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Table 1. The key differences between screen printing and inkjet printing in the fabrication 

of electrically conducting leads. Adapted from [70]. 

 
Inkjet printing Screen printing 

Operating 

principle 

Non-contact technique Contact technique 

Selective, on-demand deposition 

of conductive ink droplets onto 

the substrate to form a desired 

pattern 

Transmission of the ink through 

the stencil 

Droplet ejection via thermal, 

piezoelectric or electrostatic 

control 

Pattern is defined via screen 

mesh and stencil 

Advantages Digitally controlled ink droplet 

deposition and location 

Well-developed printing 

technique 

Reconfigurable pattern High throughput 

Can print on top of prefabricated 

flexible circuits 

High speed with control over 

deposition 

Less material wastage Easily scalable to a large area 

Versatile choice of inks and 

substrates 

Lower viscosity materials can be 

deposited 

Easy alignment of the 

transparent mask 

Drawbacks Difficult to print viscous, 

membrane-like materials 

Speed/throughput comparable to 

IJP 

Resolution is limited by the 

droplet size 

The resolution is limited by the 

mesh screen (resolution > 30 

μm) 

Incompatible with volatile 

solvents 

Lower resolution 

Energy inefficient 

Lower throughput 

Nozzle clogging, misfiring 

Ink drying on the masks, 

resulting in deteriorated print 

patterns and masks 

Coffee ring effect Inks having higher viscosities 

are required to prevent bleeding 

and spreading out 
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2.6.3. Polymeric membrane automated dispensing 

Precision fluid dispensing systems are digitally controlled and programmable robots 

that operate in three axes and deliver precise fluid amounts to various substrates. Their 

development came about as a response to the growing needs for the automatization in the 

electronics assembly and automotive industries, and medical devices production.  

The operating principle (illustrated in Figure 10) is quite similar to inkjet printing. 

The dispensing fluid is contained in a syringe pump closed with a piston. A precisely 

controlled pressure pulse generated by a compressor presses the piston in a preprogramed 

manner, causing droplet generation and ejection. Compared to inkjet printing, fluid 

dispensers can work in a contact and a non-contact mode, enabling dots dispensing and 

drawing lines. Compared to inkjet printers where nozzles are constructed as tiny pinholes, 

fluid dispensing systems’ syringes contain interchangeable needles with various diameters 

and sizes. Therefore, there is much more room for manoeuvring with fluids of different 

viscosities and droplet sizes, as well as suspensions with larger particles. 

 

Figure 10. An illustration of the working principle of an automated fluid dispenser robot. 
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Precision fluid dispensing systems are unexplored in potentiometric sensor research 

and development, with a single report on the fabrication of solid-contact nitrate sensors, 

where the jetted membrane cocktail was even five times diluted compared to the widely 

accepted cocktail composition. 

Because of the differences in printer heads and syringe barrels geometry, inkjet 

printing stands out as a logical means of electrical leads fabrication. On the other hand, 

precision fluid dispensing comes with many customizable features, including 

interchangeable dispensers. Precision fluid dispensing is much more appreciated in cases 

where fluid manipulation for the purpose of generating droplets is difficult. Owing to the 

various geometries and materials of the needles, it is possible to controllably and 

reproducibly deposit liquids that otherwise could not be deposited. 

2.6.4. Post-production treatment 

Along with functional material, jettable formulations often contain additives – 

organic molecules that separate electrically conducting (nano)particles by steric hindrances 

or ionic repulsions and prevent particle aggregation and sedimentation before printing. 

Thus, to restore the conductive paths within the printed patterns, the additives must be 

removed after printing. This is traditionally done by thermal decomposition, which is both 

time and energy consuming. Often, additives require higher temperatures for thermal 

decomposition than the glass transition temperature of the (plastic) substrate, which 

inevitably damages the substrate.  

IJP coupled with an energy efficient annealing technique presents a highly 

convenient technological roadmap to cost-efficient and high-throughput flexible electronics 

production. It is not surprising that alternative (low temperature) means of annealing have 

been gaining popularity in the past decade. These are: chemical sintering, plasma sintering, 

electrical sintering, photonic sintering and microwave sintering. Particularly, photonic and 

microwave sintering are considered as high-throughput, due to their extremely short 

processing times. In principle, these methods selectively target the printed pattern, without 

damaging thermally sensitive substrates. Among them, a special interest was put into 
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photonic techniques that use various light sources for materials refinement. Using a specific 

wavelength which the (nano)material specifically absorbs, or manipulating irradiation 

conditions, enables a selective functional material treatment. 

An intense pulsed light (IPL) annealing system (often referred to as Flash Lamp 

Annealing, FLA) consists of a xenon flash lamp, a reflector, a power supply, capacitors, 

and a pulse controller. The pulse controller triggers the capacitor, which delivers electrical 

current to the lamp within milliseconds. This causes consecutive high-intensity broad range 

(200 – 1200 nm) non-laser light pulses that within milliseconds irradiate the sample. The 

irradiation fluence can be controlled by varying pulse duration, applied voltage, and 

number of pulses. In that way, very selective and short-time heating at extremely high 

temperatures allows not only sintering but also material structural reformation [94, 95]. IPL 

working principle is illustrated in Figure 11. 

 

Figure 11. Working principle of IPL annealing system. 

Nam et al. argued that silver microparticles, compared to nanoparticles, are 

significantly easier and cheaper to synthesise [96]. However to restore the electrical 

conductivity, due to the smaller surface-to-volume ratio microparticles generally require 

harsher annealing conditions. The authors have developed an IPL annealing procedure for 

screen-printed Ag-microparticle-based ink on flexible polyurethane substrates. The printed 

patterns were annealed using a single pulse of 1 s, at the lamp voltage of 450 V. The IPL 
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energy intensities varied at 1 – 4 J cm
–2

. The effect of IPL sintering on the electrical 

conductivity of the printed electrodes was compared to the “classical” thermal sintering 

(130 °C, 30 min) based on conductivity measurements using four point probe (4PP). The 

optimum IPL annealing energy giving the highest electrical conductivity of 60 mΩ □
–1

 

without damaging the stretchable electrode was 2 J cm
–2

. Compared to thermally sintered 

electrodes, the electrodes annealed at the optimised IPL conditions showed superior long-

range strain durability (expressed as changes in measured conductivity). 

Kang et al. formulated silver nanoparticle-based ink at 50 wt.% of dry matter in 

diethylene glycol and inkjet printed it using a DoD piezoelectric printer onto polyimide 

substrate [97]. IPL annealing optimisation was carried out to find the best parameters for 

the lowest resistivity of the patterns. The authors varied the energy of the incident light (20 

– 50 J cm
–2

) and number of pulses. The duration of the pulses was fixed at 4 and 6 ms, with 

a fixed 5 ms time gap between the pulses. To fully sinter the IJP patterns, three consecutive 

pulses of 50 J cm
–2

 were needed. The lowest obtained average resistivity of 49 ± 3 nΩ m, 

was only 9 nΩ m higher than the one obtained for the thermally annealed (200 °C, 30 min) 

specimens, which is appropriate for printed electronics technology.  

Secor et al. reported a jettable graphene dispersion, using ethyl cellulose (EC) as a 

stabiliser and cyclohexanol/terpineol mixture as a solvent [98]. Inks containing different 

amounts of EC were inkjet printed onto poly(ethylene terephthalate) (PET) substrates and 

annealed using IPL. It was shown that the annealing reach depends on the content of the 

stabiliser, indicating that EC absorbs less energy from the IPL and thus disrupts the uniform 

heating of the printed films. Optimising the stabiliser content and IPL parameters, the 

authors have significantly lowered the printed patterns sheet resistance, obtaining the 

minimum average sheet resistance of 26.4 ± 4.4 Ω/□ for eight IPL-annealed overprints. 
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2.7. Inkjet printing in potentiometric sensor construction 

With the development of additive production means, as represented by screen 

printing and inkjet printing, electrochemical sensors commercialisation has become reality. 

The huge commercial success of the glucose sensing market has driven the focus to 

produce minimally invasive sensing devices [99]. Even though inkjet printing beats screen 

printing in terms of material consumption, resolution and possibilities for complex pattern 

design, screen printing is still state of the art in miniaturised electrochemical sensor 

fabrication. The key differences between the two techniques are summed in Table 1. 

Inkjet printing in-line coupled with alternative processing approaches offers huge 

promises for large-scale sensor production. Due to their operational simplicity, 

potentiometric sensors can be integrated in platforms for multiplexed analyses, especially 

wearables and environmental analysers [4, 100]. However, there is still a lot of work to be 

done to truly commercialize inkjet printed solid-contact potentiometric sensing systems.  

IJP potentiometric sensors construction begins with formulating a jettable ink and 

choosing an appropriate substrate. This is a complex process, as it must include the 

selection of the functional material and the formulation of a suitable functional ink. The key 

properties of a jettable ink include a satisfactory stability against particle aggregation, the 

ability for a controlled droplet generation, jetting, coalescence with the substrate, and 

drying to achieve a homogeneous solute spreading. The layered structure of potentiometric 

sensors is evident in functional materials choice and order of deposition. A metal 

nanoparticle ink is the first layer to be deposited directly onto the substrate. This layer 

functions as an electrical lead that connects the sensor to the processing unit. Next, a solid-

contact layer is printed over the working electrode area, typically, carbon nanomaterials or 

conductive polymer-based inks are used. Such ink is formulated considering the key 

properties of a suitable solid-contact as discussed in Section 2.3. Solid-contact ion-

selective electrodes. Finally, the ion-selective or reference membrane is deposited. At the 

moment, the deposition of an ion-selective (or reference) membrane is for the most part 

done by manual drop-casting for the reasons to be discussed in the later paragraphs.  
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Wearable sensors that collect information from the human body using sweat or 

interstitial fluid as a sample are usually in contact with the skin, thus a substrate of choice 

should align with skin and offer comfortable wearing [100]. On the other hand, 

environmental sensing platforms can be constructed on more rigid materials too. When 

considering a substrate material, one needs to take in account the thermal and chemical 

stability of the substrate, surface smoothness and adhesion properties, water repellency and 

permeability, and optical clarity. Most common substrates used in inkjet printed 

electrochemical sensors are flexible materials, including polymers, paper and textiles [101]. 

Polymer-based substrates are represented by poly(ethylene terephthalate) (PET), 

poly(ethylene naphtalate) (PEN) and polyimide (PI). For stretchable devices elastomers 

such as poly(dimethylsiloxane) (PDMS), polyurethanes and multiblock copolymer styrene–

ethylene–butadiene–styrene (SEBS) are used [87]. 

A literature search of research papers was done in the Web of Science database 

using the keywords and title/abstract cited words containing "ion selective" OR "ion-

selective" OR “potentiom*” OR "reference electrode" AND “sens*” AND "inkjet" OR 

"ink-jet". This search resulted in 26 research papers published between 2013 and 2025 

describing ion-selective electrodes, reference electrodes or whole potentiometric systems 

where at least one component of the layered electrode structure was deposited by inkjet 

printing. Articles of interest were critically analysed to gain information about the reach of 

inkjet printing, that is how many layers of the layered solid-contact electrode structure were 

fabricated by IJP (Figure 12). This classification was broadened by reporting on type of 

substrate used, electrical leads and solid contact materials, analyte of interest and the key 

analytical parameters, and finally, the intended real application (see Tables 2 – 4). 
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(a) (b) 

Figure 12. Radar diagrams describing the reach of inkjet printing in potentiometric sensor 

production; a) ion-selective electrodes, b) reference electrodes. 

Figure 12 depicts the classification of relevant research papers according to the 

reach of inkjet printing in the fabrication of potentiometric sensors. 80 % of the found 

papers discuss electrode fabrication on flexible substrates, including paper and polymers 

(PI, PET, PEN), bolding the importance of sensor flexibility in contemporary applications.  

Regarding ion-selective electrodes, the found literature was classified in four 

groups:  

 EC – only the electrical contacts were IJP; 

 EC+SC – both electrical contacts and solid contacts were IJP; 

 EC+ISM – only electrical contact and ion-selective membrane were IJP; 

 EC+SC+ISM – all the components of the layered electrode structure were 

IJP. 

Evidently, electrical contacts were in all cases fabricated by the means of IJP. 

Diving deeper within the EC and EC+SC groups, it was found that ion-selective membrane 

is quite often absent in the ISE fabrication, while the transducer is obtained by the post-

print processing, giving second order metallic electrodes. The found literature describes the 

fabrication of five such electrodes. Equally represented is the electrode design where both 
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the electrical contacts and the solid contacts that function as receptors were IJP as two 

separate layers. Four coated wire electrode designs were found, where in one case both the 

electrical leads and ISM were inkjet printed while in the other case, ISM was deposited 

manually by drop-casting Inkjet printing the electrical leads, electrodepositing the solid 

contact, drop-casting the ISM; or inkjet printing the separate EC and SC layers and drop-

casting the ISM are the least found. Finally, four examples for fully inkjet printed electrode 

arrays were found. 

  The reach of inkjet printing in SC-RE fabrication is shown in Figure 12b. The key 

three categories include: 

 EC – only the electrical contacts were IJP; 

 EC+SC – both electrical contacts and solid contacts were IJP; 

 EC+SC+ISM – all the components of the layered electrode structure were 

IJP. 

Herein, fully inkjet printed reference electrodes dominate, with six reported 

electrode configurations. Pseudoreference electrode designs, where only Ag-electrical leads 

were IJP, and the transducer layer was formed either by a chemical or electrochemical 

reaction, are represented with 6 papers. A reference membrane (RM) was manually drop-

cast in four different designs where the transducer layer was formed either by a chemical or 

electrochemical reaction. Least found were the configurations where the reference 

membrane was drop-cast either directly over the IJP electrical lead or over the IJP layers. 

Among the search results, 6 papers described reference electrode fabrication only, 10 

papers described ion-selective electrodes fabrication only, and 13 papers described the 

fabrication of potentiometric sensing platforms consisting of both SC-ISE and RC-RE. The 

relevant papers are summarised in Tables 2 – 4 and discussed in the following chapters. 
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Table 2. Literature review of inkjet printed potentiometric chemical sensors. 

n Substrate EC  SC 

ISM and type of 

deposition Analytical parameters Analyte 

Application 

(if specified) Ref 

1 Glass Ag-paste 
SWCNT-COOH 

(IJP) 

No ISM; 

receptor: SWCNT-COOH 

DLR: 3-11 (pH); 

sensitivity: 48.1 mV/pH 
H

+
 Not specified [102] 

2 
Silicon 

wafer 

Graphene ink 

(IJP) 
Graphene ink (IJP) 

Drop-cast K-selective 

ISM in THF  

(valinomycin, KTpClPB, 

PVC, DOS) 

DLR: 10
–5

 – 10
–2

 M;  

sensitivity: 

57.2 mV dec
–1 

LOD: 10
–5.2

 M 

K
+
 Not specified [103] 

3 Paper Ag-ink (IJP) 

Graphite in PVB 

matrix (drop-cast or 

dip-coat) 

Drop-cast NH4-selective 

ISM in THF (NH4-

ionophore, PVC, DOS) 

DLR: 10
–5

 – 10
–1 

M;  

sensitivity:  

57.30 mV/dec 

LOD: 10
–5.3

 M 

NH4
+
 Not specified [104] 

4 PEN Ag-ink (IJP) Ag/Ag2S 
No ISM;  

receptor: Ag/Ag2S 

DLR: 

10
–4.5

 – 10
–1.3

 M;  

sensitivity: 

–29.4 mV dec
–1

 

S
2–

 

Sea water and 

river water 

application 

were presented 

[105] 

5 
PEDOT: 

PSS 
Ti3C2Tx (IJP) Ti3C2Tx (IJP) 

Drop-cast Na-selective 

ISM in THF (Na-

ionophore, Na-TFPB, 

PVC, DOS) 

Sensitivity in physiological 

Na-concentration range: 40 

mV/dec 

Na
+
 Not specified [106] 
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6 ITO/PET 
IrOx and PDDA 

ink (IJP) 
IrOx (IJP) No ISM, IrOx is a receptor 

DLR: 3-10 (pH); 

sensitivity: 58.4 mV/pH 
H

+
 Not specified [107] 

7 PET Ag-ink (IJP) no SC 

Drop-cast NO3-ISM in 

THF (TOA-bromide, 

DBP, PVC) 

DLR: 10
–5

 – 10
–1

 M; 

sensitivity: 

50 – 52 mV/dec 

NO3
–
 Not specified [108] 

8 Polyimide Ag-ink (IJP) no SC 
Drop-cast NO3-ISM in 

THF (TOAN, PVC, DBP) 

DLR: 10
–4.3

- 10
–1

 M; 

sensitivity: -56.6 mV/dec 

LOD: 10
–4.5

 M 

NO3
–
 Not specified 

 

[109] 

9 Polyimide 

Ag- and 

graphene ink 

(IJP) 

RuCl3/RuO2  

(IJP) 

No ISM - RuO2 is 

receptor for H
+
 ions 

DLR: 2-12 (pH); 

sensitivity: 57.9 mV/pH 
H

+
 

the 

acidification of 

a cancer cell 

culture was 

showcased 

[110] 

10 Polyimide Ag-ink (IJP) Graphene ink (IJP) 
Drop-cast NH4-ISM 

(PVC, DOS, nonactin) 

DLR: 10
–6

- 10
–1

 M; 

sensitivity: 55.6 mV/dec 

LOD: 0.88 ± 0.17 μM 

NH4
+
 

Waste water 

analysis 

Publi-

cation 2 

[111] 

EC – electrical contact; IJP – inkjet printed; SC – solid-contact; ISM – ion-selective membrane; SWCNT-COOH – single walled carbon nanotubes 

functionalised with carboxyl groups; DLR – dynamic linear range; PEN – polyethylene naphthalate; PVC – poly(vinyl chloride); LOD – lower limit 

of detection; PEDOT:PSS – poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; TOA-bromide – tetra-n-octylammonium bromide; TOAN – 

tetraoctylammonium nitrate; DBP – dibutyl phthalate.  
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Table 3. Literature review of inkjet printed reference electrodes. 

n Substrate EC AgCl deposition method RM and type of deposition Analytical parameters Ref 

1 PCB Ag-ink (IJP) 
Chemical 

formation  
no RM 

SRR: 4 – 10 (pH);  

drift: 0.04 mV/h 
[112] 

2 

PET, 

chromatrographic 

paper 

Ag-ink (IJP) 
Chemical 

formation 
no RM 

Drift < 3 mV;  

lifetime: 30 days 
[83] 

3 PET Ag-ink (IJP) 
Chemical 

formation 

Drop-cast UV-curable ink 

with grind KCl powder 

(22.25 wt.%) 

SRR: 10
–6

 – 10
–1

 M; 

Drift: <2 mV/h; 

Lifetime: 4 weeks 

[113] 

4 PET Ag-ink (IJP) 
Chemical 

formation 

IJP RM: 

Cl
–
 saturated PVB (4 %) 

SRR: 2 – 10 (pH); 

SRR: 10
–6

 – 10
–2

 M; 

Drift: 0.13 mV/h 

[114] 

5 PET Ag-ink (IJP) 
Electrochemical  

formation 

IJP 2 wt.% agarose gel in 3 

M KCl / SBS fiber-mat / 

EGaIn alloy 

SRR: 4 – 8 (pH);  

SRR: 10
–5

 – 10
–1

 M;  

Drift <2 mV; 

Lifetime: 1 month 

[115] 

6 Polyimide Ag-ink (IJP) – 

Drop-cast 10 wt.% PVB, 50 

mg mL
–1

 AgNO3, 

50 mg mL
–1

  NaCl in 

methanol  

SRR: 10
–6

 – 10
–2

 M; 

SRR: 2 – 10 (pH); 

Drift = 0.2464 mV h
–1

 

Publi-

cation 

4 

[116] 

RM – reference membrane; SRR – stable response range; SBS – poly(styrene-block-butadiene-block-styrene; PCB – printed circuit board. 
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Table 4. Literature review of inkjet printed potentiometric platforms. 

n substrate ISE RE analytical parameters Analyte 

Application 

(if specified) ref 

1 
polyimide, 

glass 

EC: Pd-ink (IJP); 

SC & H
+
 receptor: 

Pd/PdO 

IJP Ag-ink, AgCl chemical 

formation; 

RM (PVC, KCl, AgCl) 

ISE: DLR: 4 – 10 (pH);  

sensitivity: 59 mV/dec;  

RE: drift: 2.4 mV/pH 

H
+
 

Real water 

samples  

and milk 

[117, 118] 

2 paper 

EC: Au-ink (IJP); 

SC & receptor: PANI 

(H
+
 receptor) 

Ag-ink (IJP),  

AgCl electrochem. 

formation 

ISE: DLR: 2 – 10 (pH);  

sensitivity: 61 mV/dec;  

RE: drift: 4.35 mV/pH 

H
+
 Not specified [119] 

3 paper 

EC&SC: 

graphene:PEDOT:PSS 

ink (IJP);  

ISM: Na-ISM,  

K-ISM (IJP)  

Ag-ink (IJP),AgCl  

chemical 

formation; 

RM (IL in PVC) (IJP) 

Na-ISE: DLR: 10
–4

 – 10
–1

 M;  

sensitivity: 62.5 mV/dec 

K-ISE: DLR: 10
–4

 – 10
–1

 M;  

sensitivity: 62.9 mV/dec 

K
+
,  

Na
+
 

Urine 

analysis 
[84] 

4 
photo 

paper 

EC: Au-ink (IJP); 

SC: PEDOT:PSS 

(IJP); K-ISM 

EC: Au-ink (IJP); 

SC: PEDOT:PSS (IJP); 

RM (IL in PVC) 

ISE: DLR: 10
–5

-10
–2

 M;  

slope: 62.0 mV/dec 

RE: SRR: 10
–5 

– 10
–1 

M 

K
+
 Not specified [120] 

5 
photo 

paper 

EC: Ag-ink (IJP), Au-

ink (IJP);  

SC: CNT ink (IJP); 

ISM: Na-ISM (IJP) 

Ag-ink (IJP);  

AgCl chemical 

formation 

RM (IL in PVC) (IJP) 

Na-ISE:  

DLR: 10
–7

 – 10
–1

 M;  

slope: 56.42 mV/dec 

RE: drift: 2.5 mV 

Na
+
 

Urine 

analysis 
[121] 
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6 
PBT/PET 

resin 

EC: carbon ink; 

SC-receptor: 

PANI ink (IJP) 

EC: carbon ink;  

reference element:  

Ag/AgCl ink 

ISE: DLR: 3 – 11 (pH);  

slope: 63 mV/dec 
H

+
 

Artificial 

sweat 
[122] 

7 polyimide 

EC: Au-ink (IJP); 

ISM: NO3-ISM or 

NH4-ISM containing 

CNT 

Ag/AgCl 

NO3-ISE: DLR: 10
–3

 – 1 M;  

slope: –48.9 mV/dec; 

NH4-ISE: DLR: 

10
–2.5

 – 1 M;  

slope: 53.5 mV/dec 

NO3
– Wastewater 

analysis 
[123]  

8 polyimide 

EC: Ag-ink (IJP); 

SC-receptor:  

graphene ink (IJP) 

Ag-ink (IJP);  

AgCl chemical 

formation 

RM (NaCl in PVB) (IJP) 

H-ISE:  

DLR: 4 – 10 (pH);  

slope: 51 mV/dec 

H
+
 Not specified [124] 

9 polyimide 

EC: Ag-ink (IJP); 

SC:  

PEDOT:PSS ink (IJP) 

ISM: K-ISM (IJP) 

Ag-ink (IJP);  

AgCl chemical 

formation 

RM (IL in PVC) (IJP) 

K-ISE:  

DLR: 0 – 2 mM;  

sensitivity: 59 mV/dec  

RE: drift: 23.1 µV h
–1

 

K
+
 Not specified [125]  

10 polyimide 

EC: Ag-ink (IJP); 

 SC: G-PEDOT:PSS 

ink (IJP);  

ISM: K-ISM,  

Na-ISM (IJP) 

Ag-ink (IJP);  

AgCl chemical 

formation 

RM (IL in PVC) (IJP) 

Na-ISE, K-ISE: 

sensitivity > 56 mV/dec 

K
+
,  

Na
+
 

 

Not specified [126]  

11 polyimide 

EC: Ag-ink (IJP) SC: 

Ag/AgCl;  

ISM: NO3-ISE 

Ag-ink (IJP);  

AgCl chemical 

formation; 

RM: Nafion membrane 

NO3-ISE:  

DLR: 10
–6

 – 10
–2

 M;  

slope: –56 mV/dec 

NO3
–
 Soil [127]  

EC – electrical contact; PANI – polyaniline; SC-qRE – solid-state quasi-reference electrodes; IL – ionic-liquid; G-PEDOT:PSS – graphene-

PEDOT:PSS; PVB – poly(vinyl butyral); PBT – polybutylene terephthalate. 



49 

 

2.7.1. Inkjet printing electrically conducting leads 

The first layer of the potentiometric sensor’s structure to be printed is the electrical 

contact. Metallic inks – represented by Ag- and Au-inks – are generally used for this 

purpose due to their superior electrical conductivity and commercial availability. For Ag-

based electrical contacts, all the papers reported in Tables 2 – 4 used commercially 

available inks. As a rule, the discussed IJP Ag-patterns were thermally annealed at 120 – 

260 °C, between 10 and 30 minutes, depending on the silver ink used.  

Concerning the reports on Au-based inkjet printed electrical contacts; all the 

featured papers adopted a previously developed ink [119-121, 123]. This rule is not 

surprising, as commercially available inkjet printable gold nanoparticle-based inks tend to 

be very expensive. 

The most referenced Au-ink used for electrical contact printing is the ink developed 

by Määttänen et al. [128]. Dodecanethiol-protected gold nanoparticles ink was synthesised 

using a water solution of HAuCl4·H2O as a precursor, tetraoctylammonium bromide as a 

stabiliser, and NaBH4 as a reducing agent. The obtained nanoparticles (~3 nm in diameter) 

were collected after solvent evaporation and redispersed in xylene (15 wt.%). This ink was 

inkjet printed onto paper substrates and sintered using an infrared (IR) drier. Finally, IJP 

gold surfaces were thiolated using 1-octadecanethiol. The printed patterns’ surface 

topology was thoroughly characterised, while the conductivity was measured to be 1.6 × 

10
7
 S m

–1
. The resistance values were comparable to those obtained with printed Au-pattens 

on glass substrates, showcasing that the remaining organic residues does not affect the 

electrical properties of the ink. 

To reduce the number of steps in production, some authors developed jettable inks 

based on metals that form a second-order electrode with their oxide. For example, Qin et al. 

developed two palladium inks for inkjet printing electrode conductive lines [117, 118]. 

Both inks contained 14.8 wt.% of organoamine complex-stabilized Pd-nanoparticles, one in 

toluene and the other in isobutylbenzene. The inks were thoroughly characterised by 

viscosity and surface tension measurements. Continuous and uniform jetted ink layers were 
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obtained after optimising the firing voltage and cartridge temperature. The printed patterns’ 

conductivity was restored after two-step thermolysis: in the first step, the printed Pd ink 

was heated to 120 °C for 1 minute to evaporate the solvent; in the second step, the 

temperature was increased to 200 °C to decompose the precursor and produce and 

immobilise a uniform Pd-layer on the substrates (as confirmed by SEM imaging and XPS 

spectra). The effective resistivity of a 260 nm thick Pd film was 2.9 mΩ m. The printed 

lines were thermally annealed at 200 °C for 48 h, during which the IJP Pd surface was 

converted to PdO, a receptor for H-ions. However, such harsh electrode treatment is not 

suitable for sensors’ mass production. 

He et al. were the first to demonstrate the fabrication of the ion-selective electrode 

by inkjet printing graphene ink that served simultaneously as the electrical and solid-

contact layer [103]. Single layer graphene nanosheets were dispersed in a mixture of 85% 

cyclohexanone and 15 % terpineol, at the initial concentration of 3.5 mg mL
–1

. Due to the 

high boiling point of both solvents, the ink had to be printed at an elevated temperature of 

60 °C. The ink was filtered through a 0.45 μm syringe filter and physically characterised by 

the viscosity measurement (𝜂 = 10 mPa s). After adjusting the printing parameters, 

including the droplets speed, waveform, voltage and nominal drop-spacing, the ink was 

inkjet printed onto silicon wafers in 50 passes. Thermal annealing in a nitrogen atmosphere 

was concluded at 950 °C for 1 hour to obtain electrically conductive patterns. The electrical 

sheet resistance of the printed lines was lowered by several orders of magnitude from 52.8 

± 7.4 MΩ □
–1

 for unannealed patterns to 172.7 ± 33.3 Ω □
–1

 for the annealed patterns. In 

spite of the remarkable resistance drop, the discussed fabrication procedure is far from low 

energy sensors’ production and unsuitable for most thermally sensitive and flexible 

substrates.  

Girault’s group [107] reported on layer-by-layer inkjet printing of flexible iridium 

oxide-based ink and poly(diallydimethylammonium chloride) (PDDA) ink. Iridium oxide 

(IrOx) nanoparticles (10 nm in diameter) were prepared using K2IrCl6 as a precursor, 

tri‑sodium citrate dihydrate as a stabiliser and NaOH as a reducing agent. The obtained 

nanoparticles were dispersed in 1:1 (v/v) water:isopropanol mixture at a 1.24 mM 
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concentration. PDDA ink was prepared by diluting commercially available 20 wt.% PDDA 

in water with isopropanol to reach the final concentration of 0.0025 wt.%. Both inks were 

carefully characterised by viscosity, surface tension and zeta potential measurements. The 

layer-by-layer assembly was achieved by IJP firstly the positively charged PDDA ink on 

the negatively charged ITO/PET substrate, solvent evaporation, and then printing the 

negatively charged IrOx nanoparticle ink. Like that, five IrOx-PDDA bilayers have been 

inkjet printed giving homogeneous patterns, as probed by SEM imaging.  Finally, these 

lines were used as pH sensors without any further modification or processing. 

Gianvittorio et al. reported on the simple and low-cost microfabrication of 

ruthenium oxide (RuO2) thin film electrodes from Ru precursor ink at room temperature 

using Print-Light-Synthesis [110]. Within this fabrication protocol, an inkjet printer is 

directly coupled to a UV lamp, allowing for the simultaneous printing and hybrid photo-

chemical/photo-thermal conversion of the IJP Ru-ink into RuO2. The controlled deposition 

of variable quantities of Ru (100–200 μgRu cm
2
) was achieved by optimizing Print-Light-

Synthesis parameters (e.g., drops-per-inch number, ink concentration, number of inkjet 

printed layers and UV light intensity). The fabricated patterns did not require any further 

processing and were successfully used as second order metallic electrodes for pH sensing.  

2.7.2. Inkjet printing of the solid-contact transducer 

The next step in layered sensor production is the deposition of a solid contact. It 

was found that the majority of IJP potentiometric sensors possess a metal/metal salt-based 

pair solid-contact (6 research papers), which was either formed electrochemically or by 

thermal oxidation. However, such steps should be avoided if one aims for a high 

throughput sensor production. In particular, both means imply additional fabrication steps – 

such as washing or translating to ovens where the electrodes are subjected to temperatures 

that the majority of (flexible) substrates cannot withstand.    

Considering the requirements for particle size, viscosity, density, surface tension 

and annealing parameters, a diversity of functional materials can be inkjet printed and used 

as a solid-contact material, as long as they possess the needed features (see Chapter 2.3. 
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Solid-contact ion-selective electrodes). Both high redox capacitance-based (PANI [119, 

122], PEDOT:PSS [120, 125], metal/metal salt pair [105, 107, 110, 117, 118, 127]) and 

high double-layer capacitance-based (graphene [103, 124], carbon nanotubes [102, 121], 

graphite [104]) solid contact materials have been used as solid contacts. 

Monsalve’s group reported a fabrication protocol for a pH sensor by screen printing 

carbon electrical leads and inkjet printing the pH sensitive conducting polymer polyaniline 

[122]. Conductive polymer layers are generally formed by electrodeposition. However, 

considering large scale electrode fabrication one should aim for developing jettable 

suspensions. An environmentally friendly, aqueous suspension of PANI nanofibers 

stabilised with sodium dodecyl sulfate (SDS) and acrylic resins (ethyl acrylate and methyl 

acrylate at different wt.%) was formulated and jetted onto the screen printed electrodes. 

The prepared inks were characterized by viscosity, density and surface tension 

measurements. The stabilizer SDS was shown to have the greatest impact on the PANI ink 

printability, while the acrylic resins significantly improved the wear resistance – compared 

to electrodeposited PANI. The two means of solid contact deposition did not influence the 

analytical characteristics of the proposed sensors – both configurations had shown 

relatively large deviation of E
0
 value (±65 mV for electrodeposited PANI and ±46 mV for 

IJP PANI resin). This was attributed to the uneven surfaces of the screen printed electrode 

supports – and might be improved by inkjet printing both layers.     

Sjöberg et al. [120] have demonstrated that inkjet printing of poly(3,4-

ethylenedioxythiophene) transducer layer with poly(styrene sulfonate) ions as counterions 

(PEDOT:PSS), compared to conventional electrodeposition, also does not influence the 

potentiometric response towards potassium model ions. The electrodes were prepared by 

printing Au-electrical leads over paper substrates, SC-layer deposition as described and 

drop-casting the potassium-selective membrane. It was shown that IJP gives smoother 

PEDOT:PSS layers compared to the electrodeposition. Such topographical differences were 

clearly reflected in the electrochemical properties of the SC-films: compared to IJP 

PEDOT:PSS, electrodeposited PEDOT:PSS enables faster charge transfer and ion 

transport. However, after the ISM deposition, no significant differences in the electrodes’ 
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analytical characteristics were observed. Both electrode configurations were characterized 

by the same near-Nernstian sensitivity of 62 mV dec
–1

, in the potassium concentration 

range 10
–5

 – 10
–2

 mol dm
–3

. However, the response reproducibility expressed as the 

standard deviation of E
0
 values was not reported. 

Composite materials made from conducting polymers and carbon nanomaterials are 

known for their superior electrical properties compared to their “pure” components [129]. 

Citterio’s group reported a fully inkjet printed disposable and low-cost paper-based device 

for potentiometric Na
+
 or K

+
 sensing [84]. Ag nanoparticle-based electrical leads were IJP 

to the paper support. Next, a composite of graphene and PEDOT:PSS (G/PEDOT:PSS) as a 

solid contact and potassium or sodium selective membranes were printed. The 

G/PEDOT:PSS composite was characterised by a faster electron transfer, compared to the 

control SC (IJP PEDOT:PSS). This was explained by the contribution of graphene’s large 

surface area and high electrical conductivity to the overall charge transfer within the inkjet 

printed material. Finally, Na-ISM and K-ISM were inkjet printed over the SC. With 

PEDOT:PSS as a transducer, both electrodes have shown a sub-Nernstian sensitivity of 

43.6 mV dec
–1

 for sodium and 46.1 mV dec
–1

 for potassium, both within a linear range of 

10
–4

 – 10
–1

 mol dm
–3

. With G/PEDOT:PSS as a transducer, the linear range did not change, 

but the sensitivity improved to 62.5 mV dec
–1

 and 62.9 mV dec
–1

 for sodium and for 

potassium, respectively. 

2.7.3. Inkjet printing of the ion-selective membrane 

The ion-selective membrane is the final layer in the solid-state potentiometric 

sensor construction. Regarding the materials' properties, it presents the most challenging 

medium for jetting. The standard membrane recipe – based on nearly 15 wt.% of the solute 

dissolved in a highly volatile tetrahydrofuran (THF, Tb = 66 °C) – is very difficult to IJP. 

Picolitre-size THF droplets are nearly impossible to generate at room temperature, as such 

small volumes of THF instantly evaporate and the plasticised polymer forms deposits at the 

printer’s nozzle. This explains a scarce number of research articles discussing inkjet 

printing the ISM. 
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The conducted literature search resulted in four research papers that describe the 

complete fabrication of potentiometric platforms by inkjet printing [84, 121, 125, 126]. A 

common characteristic was found within the concerned research articles: all the reported 

ion-selective membrane formulations were prepared with a reduced solute content by at 

least a factor of 3. 

First, in 2017 Citterio et al. reported on jetting sodium- and potassium-selective 

THF-based membrane solutions [84]. The authors successfully inkjet printed polymeric 

ion-selective membranes. However, a dozen overprints were needed to achieve a near-

Nernstian response to the ions of interest, as the solute content of the membrane was 

reduced to 5 wt.%. 

Next, Tsou et al. [125] demonstrated completely IJP potentiometric sensing 

platforms for sodium and potassium sensing. A membrane formulation containing the 

standard ionophore:ion-exchanger and polymer:plasticiser ratios was prepared in 

cyclohexanone and inkjet printed. Due to its relatively high boiling point (Tb = 155.6 C), 

cyclohexanone is noticeably more compatible with the jetting process. 

In 2025, Citterio et al. [121] fabricated electrical leads by jetting a gold nanoparticle 

ink onto the photo paper. Next, carbon nanotube ink was printed as a solid transducer. This 

was followed by jetting a polymeric hydrogel containing lithium acetate as an intermediate 

layer to improve the adhesion between the ion-selective membrane and the solid contact. 

Finally, an ISM membrane prepared in cyclohexanone (5 wt.% solute content) was jetted 

over the polymeric hydrogel. In doing so, the authors showcased an innovative way of 

improving adhesion between the ion-selective membrane and the solid contact, lowering 

the water layer formation. This led to prolonged sensor lifetime, enhanced sensitivity and 

improved intra-electrode reproducibility. 

2.7.4. Inkjet printing solid-contact reference electrodes  

In technical terms, the production of a reference electrode by inkjet printing is not 

different from the production of an ion-selective electrode. It starts with inkjet printing Ag-

electrical contact lines (only a single example reports Au-electrical leads). The lack of ink 
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“diversity” in the found papers is quite understandable, as all the reference elements are 

based on the well-established Ag/AgCl pair (chemically or electrochemically formed). 

Concerning the fabrication process, AgCl-formation by drop-casting or jetting the 

chlorinating agent is more favourable, due to simplicity. However, some groups still stick 

to the electrochemical means of AgCl formation, as such deposit formation offers better 

control of the deposit morphology and thickness [119]. 

Merkoçi’s group [83] reported a simple fabrication protocol for miniaturized, 

disposable, and low-cost Ag/AgCl pseudoreference electrodes using inkjet printing. First, a 

AgNP ink was inkjet printed on PET and chromatographic paper substrates. The ink was 

cured at 120 °C for 20 minutes and chemically chlorinated by immersing the IJP Ag-

electrodes into a commercial bleach solution without dilution for up to 5 minutes. The 

formation of the AgCl layer was confirmed by a characteristic colour change, scanning 

electron microscopy and energy dispersive X-ray spectroscopy. Finally, the performance of 

the proposed solid-contact quasi-reference electrodes (SC-qRE) was evaluated by 

chronopotentiometry in KCl 3.0 mol dm
−3

 versus a commercial Ag/AgCl reference 

electrode with liquid junction and compared to an arbitrarily chosen standard (screen 

printed reference electrode). The authors did not report any significant difference between 

electrodes produced by inkjet printing and by screen printing, highlighting the reliability of 

the proposed SS-qRE. Long-term electrode stability during 30 days of storage in dry and 

dark conditions was confirmed. 

Quasi-reference electrodes suffer from an inevitable problem associated with their 

poor stability. Due to the thinned layer of sparingly soluble AgCl, open circuit potential 

stability does not exceed a few minutes to a few hours range. Additionally, these SC-qRE 

can only be used on samples whose ionic strength is precisely controlled, and which do not 

contain any interference species (S
−
, I

−
 and/or Br

−
), to which the Ag/AgCl would react 

directly [130]. 

Solid-contact reference electrodes’ robustness and stability can conveniently be 

preserved by using a protective membrane. Girault’s group reported on a flexible SC-RE 

fabrication approach [113]. Ag-based conductive paths were deposited onto PET substrates 
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by IJP and annealed using IPL. The electrode surface was chemically chlorinated by 

dipping the electrode surface into a diluted hypochlorite solution. The reference membrane 

was prepared by adding ground KCl powder (20 wt.%) and ETH 500 salt (2.25 wt.%) into a 

commercial UV-curable ink that served as a membrane matrix. This membrane cocktail 

was drop-cast directly on Ag/AgCl electrodes. Such reference electrodes were 

electrochemically characterised using electrochemical impedance spectroscopy (EIS) and 

potentiometric measurements. The influence of the solution composition and concentration 

was evaluated by drift measurements in a broad concentration (10
–6

 – 10
–1

 mol dm
–3

) and 

pH range (3 – 11). A negligible potential change was observed for various electrolytes, 

indicating a high reproducibility of the fabrication process. 

Moya et al. [114] developed the first fully inkjet printed solid-contact reference 

electrode. The electrode fabrication was concluded in four steps. First, Ag-electrical leads 

were IJP onto PET substrates and thermally sintered at 130 °C for 20 minutes. Next, an 

insulating ink was jetted to define the working electrode area. The electrode area was 

chemically chlorinated after printing a diluted NaClO solution. After washing the bleach, 

the reference membrane was jetted. The reference membrane was prepared in a carefully 

selected solvent mixture (40 % methanol, 30 % xylene, 15 % diacetone alcohol and 15 % 

butanol, all vol. %) to fit its rheological properties to be compatible with a piezoelectric 

printer. Poly(vinyl butyral), PVB (4 wt.%) membrane matrix and NaCl were added to the 

solvent mixture and inkjet printed in 1 – 20 layers over the chlorinated Ag-surface. The IJP 

membrane morphology was thoroughly characterised using confocal imaging and SEM 

microscopy. The SC-RE performances were tested by drift measurements. 

Fully IJP reference electrodes are relatively scarce compared to SC-ISE. This is 

because these first reference membranes contain ground inorganic chloride salts, which are 

very likely to block the printer nozzle. Novel interesting jettable reference membrane 

formulations containing ionic liquids have recently been prepared. Tsou and Cheng [125] 

have developed jettable reference membrane formulations consisting of ionic liquid (1-

dodecyl-3-methylimidazolium chloride), PVC and a plasticiser (5 wt.% solute content) in 
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cyclohexanone. The reference membrane solution was jetted over chemically chlorinated 

Ag lines on flexible polyimide substrates. 
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3. DISCUSSION 

3.1. Preface 

Solid-contact potentiometric sensors fabrication is a staged process that includes the 

deposition of an electrical contact, a solid contact and a receptor (ion-selective membrane). 

Dominating state-of-the art fabrication protocols have been adopted from the graphics 

industry and are represented by screen and inkjet printing. Inkjet printing holds the 

potential for the future large-scale and high-throughput fabrication of potentiometric 

sensors, particularly due to its non-contact, digital character and significantly reduced 

materials consumption, as compared to screen printing. Having this in mind, this research 

aims to bring valuable knowledge to the state-of-the-art solid-contact potentiometric 

sensors’ research area.  

Some trends have been identified in the area of inkjet printed potentiometric 

systems. Usually, metallic inks are printed, which are then partially coated with appropriate 

salts in subsequent processes – often time and energy inefficient – thus forming a second-

order metal electrode. Such sensors suffer from impaired stability against interferences and 

metal salt dissolving. Response stability and selectivity have been significantly improved 

after including the ion-selective membrane in the sensors’ structure.  

Herein, commercially available silver ink was used for inkjet printing electrical 

contacts due to its exceptional electrical conductivity and cost-effectiveness. Graphene was 

chosen as a promising solid-contact material: the hydrophobicity in pair with excellent 

electrical conductivity and high double-layer capacitance make it a great candidate for a 

solid contact material. In particular, graphene was synthesised by a novel, environmentally 

friendly mechanochemical synthetic pathway; a jettable ink was formulated in 

environmentally friendly solvents, strongly accounting for the successful droplet formation. 

Both the electrical leads and solid contacts were inkjet printed onto flexible polyimide 

substrates and an ammonium-selective membrane was drop-cast. A potentiometric method 

for quantifying ammonium ions in leachate samples was developed.  
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Due to the fluid characteristics, liquid polymeric ion-selective membranes are 

scarcely deposited by inkjet printing. As a rule, the solute content is typically diluted five 

times in order to enable printing. In recent years, some research groups have found their 

own ways of improving the accuracy of the fabrication process. Herein, an automated fluid 

dosing robot was tested and the membrane morphology was controlled by carefully 

selecting the solvent mixture that promotes the Marangoni flow. In this way, the membrane 

was precisely and reproducibly applied, without changing the portion of dry matter. 

Finally, to close the potentiometric cell, a reference membrane compatible with the 

inkjet printed electrical contacts was developed. Conventional SC-RE fabrication involves 

multiple steps – Ag contact deposition, annealing, AgCl formation, washing, and optional 

membrane deposition – making it relatively time-consuming. To simplify this process, a 

polyvinyl butyral (PVB) matrix was employed due to its compatibility with inorganic salts 

and ability to host a complete reference element. Remarkably, the Ag/AgCl pair within the 

PVB membrane was formed instantly, within 91 μs, using intense pulsed light for AgCl 

photoreduction. The demonstrated IPL approach significantly reduced reaction time and, 

consequently, fabrication time, offering a straightforward route towards commercialization.  

 

3.2. Development of an inkjet printable, electrically conductive ink 

based on melamine-intercalated graphene nanosheets 

The first part of the doctoral research included development of electrically 

conductive inks for printed electronics applications, which can be applied in IJP 

potentiometric sensor fabrication. In a research article in Appendix I, we aimed to explore 

novel, simple, scalable and green means of graphene-based ink formulations. Graphene is a 

great candidate for flexible electronics applications due to its outstanding electrical and 

mechanical properties. This has led to various production methods, all aiming to produce 

graphene with as few defects as possible. Liquid-phase exfoliation is the most reported 

large-scale production method of two-dimensional (2D) nanosheets. However, this method 

is quite laborious, slow, and often consumes harmful organic solvents. On the other hand, 
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solvent-free mechanochemical methods stand out due to their simplicity, ease of process 

parameter control and environmental safeness [131].  

Herein, we showcased that mechanochemically synthesised graphene nanosheets 

can be used for an electrically conducting inkjet printable ink formulation. Graphene was 

chosen due to its’ potential for excellent properties as a solid contact layer; it is known for 

its’ hydrophobicity (the crucial property against unwanted thin water layer formation) and 

excellent electrical conductivity coupled with high surface-to-volume ratio (the key to well-

defined signal transduction based on high double-layer capacitance). Graphene nanosheets 

were synthesised in a planetary ball mill using graphite flakes as a precursor and melamine 

as an exfoliating agent and stabiliser (MGNS, melamine-intercalated graphene nanosheets). 

An average particle height of 0.30 – 0.65 nm with a diameter of 14 nm was found, 

indicating single- and double-layer graphene nanosheets (see Appendix I, Figure 3). The 

obtained MGNS particle size satisfies the first prerequisite of a functional material to be 

inkjet printed, that is the particles must be small enough to successfully be jetted from the 

tiny printer nozzles.  

The ink was formulated after dispersing the MGNS within a solvent mixture. 

Jettable ink production is a complex process that accounts for the filler (MGNS) stability 

within the solvent (that is, solvent mixture), the possibility of droplet generation, the 

spreading and drying of the jetted droplets on the substrate, and finally, restoring the 

electrical conductivity of the printed pattern. We formulated our ink, having all the above 

processes in mind.  

Graphene is known to form stable dispersions in solvents with a similar surface 

energy to itself, such as N-methyl-2-pyrrolidone (NMP), N-cyclo-2-pyrrolidone, 

dimethylformamide (DMF), and dimethylsulfoxide (DMSO). These solvents have 

relatively high boiling points (> 150 °C), complicating the printing process, as the substrate 

platen needs to be heated for faster pattern drying. Additionally, these solvents are 

hazardous; hence, we did not consider using them. We have adopted a mixture of green 

solvents that do not impose any environmental or health concerns: ethanol (22.55 mN/m, 

1.2 mPa·s), water (72 mN/m, 1.002 mPa·s), ethylene glycol (47.49 mN/m, 19.43 mPa s) 
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(0.50:0.45:0.05 respectively by volume). Water/ethanol mixture was used as the significant 

difference in the surface tension of the two solvents induces the reverse Marangoni flow of 

the droplet on a surface. On top of that, the employed solvents have an optimal boiling 

point – high enough to prevent ink evaporation in contact with air, and low enough to be 

rapidly dried upon pinning to the substrate surface. Stable formulations were prepared after 

the addition of commercially available organic stabilisers. Finally, to predict the printability 

of the ink, we calculated the Z-value after determining the inks’ surface tension ( = 31.67 

mN m
–1

), viscosity ( = 3.26 mPa s) and density ( = 0.9373 g mL
–1

). The formula used for 

the calculation of the Z-value and the limiting values have been discussed in Section 2.6.1. 

Inkjet printing; the calculated Z-value of 7.7 indicated excellent ink capacity for droplet 

generation.  

The hydrodynamic particle diameter and surface charge within the ink formulation 

were determined using dynamic light scattering (DLS) analysis and zeta-potential 

measurement, respectively. The DLS measurements of the MGNS ink gave an average 

hydrodynamic particle diameter of d = 173.7 nm (see Appendix I, Figure 5), indicating that 

MGNS particles were small enough for printing without clogging the printer head. 

Additionally, the measurements have shown a narrow particle size distribution, indicating 

the possibility of printing uniform, homogeneous layers. The determined zeta-potential of 

the MGNS ink was –25.7 mV, indicating that our ink was moderately stable [132].  

Finally, the long-term stability of the ink formulation was assessed by collecting the 

UV-Vis spectra of a freshly prepared MGNS ink and during 32 days post-preparation. The 

reduction of the absorbance value at 512 nm was taken as the indicator of the MGNS 

particle sedimentation. During the first 6 hours after the ink preparation, the absorbance 

does not fall below 91 % of the initial value, indicating good stability for single-day 

printing. After more than a month of the ink storage, the initial absorbance value was 

regained after a minute treatment with a tip-sonicator (see Appendix I, Figure 6). This 

indicates that the maximum ink stability can be easily recovered and the ink reused. 

The ink was inkjet printed onto PET and PI substrates in 1 – 10 overprints, dried at 

55 °C and characterised by sheet resistance measurements (RS) using a four-point probe. Up 
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to three overprints, the printed samples were not electrically conducting; five overprints 

gave RS = 4.27±0.87 M sq
–1

, and 10 overprints gave RS = 2.0±0.9 M sq
–1

.  

To improve the electrical conductivity, we exposed the printed patterns (10 

overprints) to different elevated temperatures (100, 200, 300 and 400 °C) for one hour. 

After thermal treatment at 400 °C, the measured sheet resistance plummeted to 44.0±6.0 

k sq
–1

. This resistance drop was due to the thermal decomposition of melamine (de-

amonation) and Solsperse stabilisers, which led to restoring conductive pathways and 

increasing the printed patterns’ homogeneity. SEM images taken before thermal annealing 

have shown large melamine crystals (d > 10 m) that disrupt the electrical conductivity. 

After thermal annealing, more homogeneous topography was observed, which accounts for 

the improved conductivity. The film thickness and surface roughness were reduced after 

annealing, as revealed by AFM imaging. The quadratic average surface roughness 

parameter (Rq) decreased from 789.1 nm to 289.1 nm, typical of ink sintering and stabiliser 

removal. This indicates that vertical surface irregularities – including peaks and valleys – 

decrease, improving the inkjet printed film uniformity and consistency.  

It is well-known that carbon nanomaterials-based films are great candidates for IPL 

annealing, as they strongly absorb in the visible part of the spectrum. Exposing the printed 

patterns to IPL with energies in the range 300 – 600 J (without previous thermal treatment), 

the sheet resistance was reduced only to around 43 % of the initial value. Increasing the IPL 

energy above 600 J caused a resistance increase, suggesting that the conductive film was 

damaged by such a strong IPL intensity (See Figure S3 in Appendix II). Compared to 

thermal annealing, which by its’ virtue slowly heats the sample, IPL is a millisecond 

treatment. Given that melamine primarily decomposes through ammonia loss, we attribute 

the inadequacy of IPL annealing alone to melamine sublimation and the ultrafast release of 

ammonia, which in turn results in detachment of the graphene film from the substrate. 

However, after exposing the previously thermally annealed films (400 °C, 1 h) to IPL 

(2500 V, 700 J) we managed to significantly reduce the sheet resistance of our inkjet 

printed films to 5.0 ± 0.3 k sq
–1

 (10 overprints) and 626 ± 106  sq
–1

 (20 overprints). 

The obtained sheet resistance values with the number of overprints and graphene 
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concentration show that our ink is comparable or even better than those showcased in 

similar studies (see Table S2 in Appendix II). Finally, as a proof-of-concept experiment, we 

showcased that inkjet printed graphene traces with optimised annealing protocol can be 

used as a component of a printed electronic circuit, indicating the possibility of further 

investigation of the proposed printing protocol in more complex systems. 

 

3.3. Development of a planar solid-contact ion-selective electrode 

The developed graphene ink was next incorporated into the design of a planar ion-

selective electrode and tested. The second objective of this research was to develop an 

inkjet printing fabrication protocol for solid-contact ion-selective electrodes and showcase 

their applicability in real sample analysis. State-of-the-art ion-selective electrodes are 

planar layered structures (see Chapter 2.3. Solid-contact ion-selective electrodes) with a 

well-defined electrical contact, solid-contact and a receptor.  

The research paper in Appendix III presents a scalable and low-cost route for 

fabricating flexible ammonium-selective electrodes by inkjet printing silver electrical 

contacts and MGNS ink. Our preference for a carbon nanomaterial-based transducer over 

conductive polymers stems from their high specific surface area and excellent 

hydrophobicity. Particularly, high specific surface area paired with high electrical 

conductivity is a key property for high electrochemical double layer capacitance, the 

characteristic signal transduction of carbon-based transducers. The transducer’s 

hydrophobicity is an important property for the stability against a thin water-layer 

accumulation at the SC | ISM interface, which is the most common case of the sensors’ 

failure. 

Commercially available silver ink was inkjet printed onto polyimide substrates and 

cured with a single IPL pulse (400 J, 2500 V). Electrodes having a working area with a 

diameter d = 6 mm were decorated by inkjet printing MGNS ink. The electrodes were 

annealed by a combination of thermal annealing (300 °C for 1 h) and IPL (single pulse at 

2500 V and 700 J). Finally, the ammonium-selective membrane was drop-cast onto the 



64 

 

inkjet printed electrodes, giving an SC-ISE. The overall electrode fabrication and the 

demonstration of the sensors’ flexibility are shown in Figure 1 of Appendix III.  To 

determine the influence of the inkjet printed MGNS solid-contact on the electrochemical 

characteristics of inkjet printed sensors, we cast the ammonium-selective membrane 

directly onto inkjet printed Ag-leads. Thus, coated-wire electrodes were prepared for 

comparison. 

The inkjet printed MGNS solid contact material was characterised using 

electrochemical impedance spectroscopy. EIS measurement was done in a three-electrode 

electrochemical cell consisting of a SC-ISE or CWE as a working electrode, a conventional 

double junction Ag/AgCl/KCl/NaNO3 reference electrode and a platinum auxiliary 

electrode. In EIS experiments, an alternating potential is scanned from high to low 

frequencies, enabling the extrapolation of information related to fast processes (charge 

transfer) and slow processes (diffusion within the membrane), respectively. The Nyquist 

plot of both electrode configurations shows a typical high-frequency semicircle arising 

from bulk ion-selective membrane resistance (Rbulk) in parallel with the geometric 

capacitance of the membrane (Cg) [133]. Rbulk represents the contact resistance between the 

ISM and the electrode surface of the CWE, or the ISM and inkjet printed MGNS solid 

contact, for SC-ISE. It is obtained from the Nyquist plot as the impedance value where the 

semicircle touches the x-axis. As can be seen in Figure S2 in Appendix IV, by including the 

MGNS solid contact in the electrode structure, the Rbulk falls from 7.31 M to 4.30 M. 

The influence of the solid contact on the low-frequency phenomena, including the ion-to-

electron transduction, was depicted as the low-frequency part of the Bodé spectra and 

quantified as the change of impedance modulus, |Z| [134]. Clearly, |Z| decreases after 

introducing the MGNS solid-contact, indicating that inkjet printed MGNS ink assists the 

charge transfer between the ion-selective membrane and the electrode surface.  

A single electrode calibration (SC-ISE) in the concentration range of NH4Cl 10
–8

 – 

10
–1

 mol dm
–3

 was repeated three times (intra-reproducibility assessment). A reliable 

potentiometric response was obtained within c(NH4Cl) = 10
–4

 – 10
–1

 mol dm
–3

, with a 

sensitivity of 52.045 ± 0.525 mV dec
–1

 (R
2
 = 0.9976). The lower limit of detection of 25.1 
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mol dm
–3

 was calculated according to the IUPAC recommendations for potentiometric 

probes. Separate solutions method was used for the determination of the sensor’s selectivity 

coefficient, 𝐾
NH4

+,J

pot
 for the most common interferents in biological and environmental 

samples, KCl, NaCl, CaCl2, MgCl2. All the 𝐾
NH4

+,J

pot
 (given in Table 1 of Appendix III) are 

lower than 10
–1

, showcasing that the sensor is highly selective to its target ion. 

Developing a scalable sensor production protocol, one needs to consider the 

reproducibility of the production process, which is defined as the response reproducibility 

between electrodes. The inter-electrode reproducibility is expressed as the standard 

deviation of the calibration curves (including the E
0
, dynamic linear range and sensitivity), 

obtained from multiple equally prepared sensors. Additionally, the electrodes’ drift during 

prolonged measurements should be reduced as much as possible. We have prepared a batch 

of SC-ISEs and evaluated the inter-electrode reproducibility by recording the potential 

response of three electrodes (n = 3) in 10 mM NH4Cl for three hours (the first contact with 

the solution was at t = 0 h). The potentiometric time-trace of these electrodes is shown in 

Figure 3A in Appendix III. At t = 3 h, the measured potential range was 19 mV, and a mean 

drift value of –0.393 mV h
–1

. We ascribed this non-negligible inter-electrode response 

discrepancy to the redox-active impurities in the MGNS solid-contact material (residual 

melamine and its de-amonation products).  

To improve the inter-electrode response discrepancy, each electrode was 

chronoamperometrically polarized for 30 minutes at a potential value towards which all the 

electrodes were drifting (+180 mV). During the positive electrode prepolarization, the 

primary ions are pushed from the ISM/transducer boundary (the depth of the membrane) 

into the ISM, promoting the hydration and saturation of the ISM layer with primary ions, 

but preventing the incorporation of sensor primary ions into the MGNS transducer [135]. 

Indeed, the positive effect of the electrode prepolarization is shown both on the mid-term 

potential time-trace (Appendix III, Figure 3B). After prepolarization, the potential range of 

prepolarized electrodes was reduced to 9 mV, and a mean drift value fell to 0.103 mV h
–1

. 

Positive outcome of prepolarization is best indicated in the calibration curves (see 

Appendix III, Figure 4). The calibration plot of unpolarized electrodes shows a super-
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Nernstian response (84.52 mV/pNH4; R
2
 = 0.9822) in the low concentration range, 10

–5
 – 

10
–3

 mol dm
–3

, and a sub-Nernstian response in the high concentration range (36.289 

mV/pNH4; R
2
 = 0.9996). The super-Nernstian response in the low-concentration range 

arises from the ion influx into the ISM, indicating the concentration gradient of the primary 

ions within the ISM; while the sub-Nernstian response at high NH4-ion concentrations 

indicates that the membrane is too saturated with the primary ions. 

The extension of the electrodes’ dynamic linear range to 10
–6

 – 10
–1

 mol dm
–3

, 

along with lowering of the lower detection limit to 0.88 ± 0.17 mol dm
–3

 were the 

positive outcomes of electrode prepolarization. This is an indicator of the loss of membrane 

fluxes, which is necessary for an appropriate sensor functioning. Finally, the sensitivity 

increased to 55.594 ± 0.429 mV dec
–1

 (R
2
 = 0.9856).. 

Water layer tests were made with the CWE and SC-ISE. The open circuit potential 

was monitored during 15 hours of the electrodes’ immersion; firstly, in the primary ion 

solution (10 mM NH4Cl) for 5 hours, then with an interfering ion solution (10 mM NaCl) 

for two hours, and finally in the primary ion solution (10 mM NH4Cl) for 8 hours (see 

Figure 5A in Appendix III). The CWE showed a behaviour typical of coated wire 

electrodes which arises from the thin water layer formation at the back of the ISM. A 

pronounced drift of 16.02 mV h
–1

 in an interfering ion solution was observed, and –3.98 

mV h
–1

 during the second contact with the primary ion solution. The potential drifting was 

notably reduced after introducing the MGNS layer beneath the ISM. The measured drift in 

NaCl was 4.00 mV h
–1

, and in NH4Cl it plummeted to 0.22 mV h
–1

. The prolonged 

measurements have shown that the MGNS solid contact significantly improves the long-

term electrode stability. 

Next, we tested the sensors’ reversibility by performing OCP measurements upon 

cycling the standard solutions’ concentrations between 10
–3

 and 10
–1

 mol dm
–3

 (see Figure 

5B in Appendix III). The original EMF of 173 mV remained stable with 0.59 % relative 

standard deviation, indicating excellent reversibility and negligible hysteresis effect. 

Finally, the presented fabrication protocol and detailed electrochemical and 

analytical characterisation were done to showcase the real sample analysis. Ammonia 
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nitrogen – which includes unionised ammonia, NH3 and ammonium ion, NH4
+
 – is an 

indicator of water quality and natural nitrogen cycle state. Ammonia pollution from 

agriculture and public waste disposal presents a serious concern for human health and 

ecosystems welfare, as increased ammonia nitrogen causes eutrophication of water systems 

and air deposition causing respiratory and skin issues in humans [136]. The leachate water 

was taken from the leachate collector basins on the landfill site. The ammonium ion 

concentration within the sample was determined using a reference spectrophotometric 

method and the potentiometric method, using our in-house fabricated SC-ISE. For the 

potentiometric method, the three-point standard addition method was used. The response 

time of the sensor, as calculated as t95 was 13 seconds, making the proposed method time 

efficient. The method validation is presented in Table 2 in Appendix III, as a comparison of 

the reference and potentiometric method. Our potentiometric method resulted in 

ammonium ion concentration 30.61 ± 1.30 mM (n = 3), differing by less than 4% from the 

value obtained with the reference method. With this, we validated our fabrication approach 

and analytical procedure, opening the doors to on-site measurements of critical analytes. 

 

3.4. Optimisation of ion-selective membrane composition for 

contactless deposition 

An important part of this research was the optimisation of polymeric membrane 

composition that enables fast and reliable automated potentiometric sensor production. As 

previously stated, the most challenging part of the layered sensor construction is the 

automated deposition of an ion-selective membrane. The established ion-selective 

membrane composition is based on a plasticised poly(vinyl chloride) matrix that holds the 

components responsible for the sensors’ analytical response (see Section 2.1.1. 

Conventional ion-selective electrode design). The membrane cocktail is usually prepared 

containing in total 15 wt.% of the solute in a highly volatile organic solvent, 

tetrahydrofuran. This composition resulted from decades of ion-selective electrode 

development and holds for both the theoretical and empirical knowledge. More recently, 
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protocols for controlled deposition of the ISM either by inkjet printing or automated 

dispensing have emerged. However, all the reported literature demonstrates the deposition 

of at least three times lower solute content compared to the common one. This in turn, calls 

for increasing the number of membrane overprints, slowing down the overall electrode 

production. 

In the research article presented in Appendix V, we optimised the polymeric 

membrane composition for the automated production using the dispensing robot system and 

developed a method of tracking membrane drying. Rather than diluting the solute content 

of the membrane cocktail, we optimised the membrane solvent carrier composition. In 

addition to THF, cyclohexanone was reported as an ISM cocktail solvent, as it – due to its 

high boiling point – allows for better manipulation of membrane formulations [137]. 

Membrane cocktails prepared with different rations of cyclohexanone and THF were 

automatically dispensed onto photographic paper and their topography was evaluated using 

the colorimetric absorbance method. [138].  

The 3D absorbance plots are given in Figure 2 in Appendix V. When 

cyclohexanone is used as a major membrane solvent, that is, at 90 and 75 vol%, a capillary 

flow develops during the evaporation. This is reflected in solvent flow from the centre to 

the edges of the droplet and accumulation of plasticised polymer particles in a characteristic 

ring structure. Droplets’ structure homogeneity noticeably increased upon lowering the 

volume fraction of cyclohexanone and increasing the THF part. As the two solvents 

significantly differ in boiling point, viscosity and surface tension, an inward Marangoni 

flow is generated, opposing the capillary flow. The most uniform membrane thickness was 

obtained at equal volume ratios of the two membrane solvents, indicating the best solvent 

composition for membrane deposition using the dispenser machine.  

The colorimetric absorbance method was used to determine the volume of a single 

spot of the membrane and the thickness of the wet and dried membranes with different 

solvent compositions. The volume of a single droplet was estimated to be V ≈ 0.20 μL; the 

wet membranes’ thicknesses were in the range 36.3 – 61.5 μm, and dried membranes’ 

thicknesses were in the range 11.6 – 17.2 μm.  
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In tandem with fabricating the electrical leads and transducers by printing 

techniques, automated membrane dispensing presents the icing on the cake when 

considering fast and reliable sensors mass production. Fabricated sensors can be tested only 

when the dispensed membrane is fully dried. In practice, cast ion-selective membranes are 

dried overnight at room temperature. However, when considering mass production and 

product placement, it is beneficial to know when the membrane is fully dried and ready for 

testing. To investigate the effect of solvent composition on evaporative drying profiles of 

the ISM, we dissolved the membrane solute in three solvents: pure THF, pure 

cyclohexanone, and a 1:1 THF:cyclohexanone mix (indicated as THF, CH and MIX, 

respectively, in the rest of the text). These membranes were drop-cast onto two adjacent 

screen-printed electrodes. 1 μL was cast on each electrode so that the droplets connected, 

forming a continuous membrane and an electrical bridge between electrodes, as 

schematically shown in Figure 1 in Appendix V. In doing so, we prepared a two-electrode 

cell for accurate impedance measurements of small volume samples. Because the polymeric 

membrane contains volatile (THF, CH or MIX) and non-volatile components (PVC, 

plasticizer, valinomycin, ion-exchanger, lipophilic salt), the evaporation of volatile 

components rearranges membrane composition and structure, imposing the membrane 

impedance changes over time.  

Time-resolved impedance spectroscopy was used to track evaporative membrane 

drying (thinning) in real time. In principle, consecutive high-frequency impedance 

measurements were recorded at successive time intervals, starting at the moment of 

membrane casting. The Bodé plot (phase angle, - versus frequency, f) of THF, CH and 

MIX membrane is shown on Figures 3A, C and E in Appendix V. Regardless of the 

membrane solvent, the phase angle at t = 0 strongly depends on the measurement 

frequency: starting at f = 10
5
 Hz, phase angle approaches 90°, indicating capacitive 

behaviour; at one order of magnitude lower frequency, phase angle approaches 30°, a 

typical indicator of resistive behaviour. The capacitive behaviour at the starting frequency 

reflects the charge separation at the membrane / electrode interface, while the resistive 

behaviour at the end of each measurement stems from the bulk membrane resistance. Thus, 

plotting the absolute values of impedance, |Z| measured at 10
4
 Hz as a function of time we 
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obtained evaporative drying (impedance) profiles of the three membranes (see Figures 3B, 

D and F in Appendix V). The impedance profiles of the three membranes consist of two 

parts: the impedance gradient reflecting the volatile components’ evaporation, and the fully 

dried membranes’ plateau. The starting membrane impedance at the moment, t = 0 s was 

2.09 ± 0.18 MΩ (THF) 2.65 ± 0.05 MΩ (CH), and 1.98 ± 0.83 M (mixture).  

Polymeric membrane evaporative drying is explained by Fickian diffusion model 

and free-volume theory. In particular, the rate of diffusion of a volatile solvent (THF or 

CH) is determined by the free volume within the polymer matrix, which is unignorably 

expanded by a non-volatile liquid plasticizer, DOS. Evaporative drying profiles of both 

THF- and CH-based membranes were successfully described by second-order polynomial 

fits (see Table S1 in Appendix VI). The two profiles differ due to the extreme difference in 

the respective solvents’ volatility. THF-based membrane completely dries within less than a 

minute (|Z| = 5.14 ± 0.27 M), while the CH-based membrane reaches the impedance 

plateau in 23.2 minutes (|Z| = 5.89 ± 0.19 M). All evaporative profiles showcase a sharp 

transition to the plateau, since the plasticizer present in the double amount of the polymer 

practically impairs the viscosity increase (which usually follows evaporative drying). Thus, 

the solvent transport from the bulk of the membrane to the interface with air doesn’t get 

hindered until the last bit of solvent evaporates. 

The impedance profile of the membranes prepared in the THF:CH mixture splits 

into two parts, each following its second order polynomial (see Table S2 in Appendix VI). 

The halved volume of THF evaporates almost instantly, lowering the diffusivity of the 

remaining cyclohexanone within the membrane and leaving the drying profile dominated 

by the less volatile solvent, cyclohexanone. The impedance plateau (5.60 ± 0.01 MΩ) is 

reached in 11.5 min, aligning with the drying time of the cyclohexanone-only system. 

Potassium-selective membrane cocktail was prepared in a THF:CH mixture. The K-

ISM was automatically dispensed onto screen printed carbon electrode arrays in one, two, 

three, four and five spots’ repetitions (each spot having estimated V ≈ 0.20 μL). The dried 

membrane thickness of a single spot, h = 16 ± 1 μm was estimated using absorbance 

measurements. After examining that the membranes dispensed on the neighbouring 
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electrodes do not overlap, the electrode arrays were embodied in a flow cell and calibrated 

in standard solutions of KCl. Figure 4 in Appendix V shows the calibration plots obtained 

with devices modified with different numbers of membrane spots. A single spot of the K-

ISM was enough to obtain an adequate potentiometric response within a clinically relevant 

potassium concentration range. The standard deviation of E
0
 values improved from 

±15.183 mV dec
–1

 for a single spot to ±4.024 mV dec
–1

 already for two spots of the K-

ISM. With this, full electrode preparation, including the membrane drying can be done in 

less than 30 minutes. SSM was carried out in clinically relevant interferents, including Na
+
, 

Ca
2+

 and Mg
2+

, indicating good selectivity towards K
+
 ions (see Figure S4 in Appendix VI).   

 

3.5. Development of a planar solid-contact reference electrode 

The final objective of this thesis was to develop a planar solid-contact reference 

electrode, to be paired with the developed printed ISEs. In practice, SC-RE fabrication is a 

multi-step process which includes Ag-electrical contact deposition, annealing, chemical (or 

electrochemical) chlorination, washing, and an optional reference (protective) membrane 

deposition. Due to its processability and compatibility with inorganic salts, polyvinyl 

butyral (PVB) is sometimes used as a matrix for preparing a protective Cl
–
 saturated 

reference element of a SC-RE, as discussed in Chapter 2.4. Solid-contact reference 

electrodes. Additionally, it is possible to construct a complete reference element within a 

PVB membrane and deposit it onto an electrically conductive material (not necessarily an 

Ag-based material) [59]. This significantly simplifies SC-RE fabrication, which is 

something one should aim for when considering the commercialisation possibilities.  

The research paper in Appendix VII explores the possibility of a unique reference 

membrane preparation by using IPL and its application to inkjet-printed electrodes. The 

Ag/AgCl pair within the PVB matrix was formed instantly, within 91 s of exposure to IPL 

as a light source for the photoreduction of AgCl. In particular, 250 mg of NaCl and 250 mg 

of AgNO3 were added to a 10 wt.% methanol solution of PVB (5 mL) and bath sonicated in 

dark conditions for 30 minutes, during which a white suspension of AgCl was formed, with 
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NaCl crystals in excess. Following this, the obtained suspension was subjected to a single 

IPL flashlight pulse, as the applicability of IPL for (metal oxide) reduction has previously 

been demonstrated [139]. Figure 2 in Appendix VII shows the reference membrane color 

change as the IPL light gets stronger: the higher the intensity, the darker the membrane 

becomes, due to formed Ag nanoparticle growth. We have confirmed the silver 

nanoparticle (AgNP) formation by detecting its characteristic peak at 410 nm (see Figure 

S1 in Appendix VIII). 

The reference membrane flashed at different intensities was drop-cast onto a glassy 

carbon electrode, dried and subjected to the OCP measurements in KCl solutions within  

10
–4

 to 10
–2

 mol dm
–3

 concentration range. Treating the membrane with high intensity light 

pulses (energies > 200 J) pushes the degree of AgCl reduction to Ag
0
, giving the 

membranes with an excess of AgNPs. Such electrodes gave high response slopes, 

indicating a response to Cl
–
 ions. Using utterly gentle IPL energies of 100 J at 2000 V, we 

were able to significantly reduce the electrode response to Cl
–
 ions. This is because at such 

small light intensities only a part of AgCl was reduced to Ag
0
, giving Ag–AgCl clusters, 

which are responsible for the characteristic reference electrode behaviour [59]. 

The reference membrane (100 J, 2000 V) was drop-cast onto glassy carbon and 

inkjet printed Ag-electrode, giving GC–RM and PE–RM, respectively. Before detailed 

potentiometric characterisation, we examined the effect of conditioning time on the 

impedance changes of the prepared electrodes. The initial reference potential stabilisation 

during conditioning in 3 mol dm
–3

 KCl is shown in Figure 3 in Appendix VII. Both GC–

RM and PE–RM show a pronounced potential drift upon the first contact with the 

conditioning solution. The potential response of the two electrodes fully stabilises already 

within 3 minutes for PE–RM, and 40 minutes for GC–RM.  

To better understand the differences between the two electrodes, before and every 

hour during conditioning, the electrodes were moved to 0.1 mol dm
–3

 and EIS spectra were 

recorded. EIS spectra of the two electrode types are shown in Figure 4 in Appendix VII. 

EIS spectra of GC–RM prominently changed during the first hour of electrode 

conditioning. At t = 0 h, the Nyquist plot forms a semicircle impedance arc typical of 
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materials with high charge-transfer resistance. One hour into conditioning, the impedance 

spectra are composed of two parts. At high frequencies, a small semicircle reflects the 

charge transfer resistance that recedes as the conditioning advances. The low frequency part 

of the spectra is dominated by a straight line with a slope that increases as the contact with 

the electrolyte increases. This is a characteristic of ion diffusion through the membrane; the 

steeper the line, the faster the ion transport [140]. Worth noting is that the spectra 

dominated by the low frequency line indicates a system where the ion diffusion is a limiting 

process. The most prominent change in the EIS response of GC–RM is between t = 0 h and 

t = 1 h; this follows the potential trace during the conditioning. At t > 1 h, the potential 

stabilises, and the impedance changes are minute. The low frequency capacitance of the 

conditioned electrode was calculated to be 44.92 F. 

The described evolution of the impedance spectra follows the working mechanism 

of the developed reference membrane. In detail, the reference membrane consists of a PVB 

matrix saturated with Ag–AgCl clusters and an excess of NaCl. Ag–AgCl clusters are the 

heaviest membrane component. As the cast membrane dries on the electrode surface, Ag–

AgCl clusters fall to the electrode surface; spreading there, they form a continuous 

coverage, governing the ion-to-electron transduction process. At the same time, the excess 

of NaCl provides a constant internal chloride concentration responsible for the reference 

electrodes’ potential stability. During conditioning, the PVB matrix undergoes structural 

changes, as indicated by the promoted ion diffusion within the membrane. As the 

membrane is fully wetted, the slow diffusion of ions between the membrane bulk and the 

surrounding solution maintains a steady ion exchange without significant depletion of 

internal electrolytes, ensuring potential stability over time. 

As shown in Figure 3B in Appendix VII, the potential-time trace of the PE–RM 

stabilised notably faster compared to the GC–RM. Likewise, the impedance values (see 

Figure 4B in Appendix VII) were three orders of magnitude smaller already within the first 

contact with the electrolyte. The impedance spectra of PE–RM practically lack the low 

frequency semicircle and are dominated by a straight line, showcasing the same trend of 

increasing slope as the conditioning continues. The low frequency capacitance of the 
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conditioned electrode (related to the diffusion processes) was calculated to be 690 F. 

Since both the inkjet printed and rod electrode were decorated with the same membrane, 

similar morphological changes resulting from ion uptake are expected. Both electrodes 

showed EIS spectra typical of diffusion-controlled processes, but at significantly different 

impedance and low-frequency capacitance values. The improved conductivity observed in 

PE–RM suggests better electrical contact between the PVB membrane and the inkjet-

printed Ag electrode, likely due to its rougher surface and greater microscopic area 

compared to the smooth GC electrode, as shown in SEM images (see Figure S2 in 

Appendix VIII). 

GC–RM and PE–RM were subjected to drift measurements in 10
–2

 mol dm
–3

 KCl 

during 8 hours. The results of the test are shown in Appendix VIII, Figure S3. Throughout 

the test, PE–RM kept a stable response with a low drift value of –0.2464 mV h
–1

. On the 

contrary, GC–RM response deteriorated after two hours of immersion, indicating an 

electrode failure. We performed a leakage study with GC–RM (see Figure S4 in Appendix 

VIII) to resolve whether this failure stems from Cl
–
 leakage from the reference membrane. 

The leakage test was carried out in deionised water by the conductivity measurements 

during 4 hours of the electrode immersion. Apart from the initial increase in conductivity 

upon immersion (probably dissolution of surface NaCl), no significant changes or trends 

were observed during the measurement, indicating that the PVB matrix sufficiently holds 

the membrane components. Instead, we attributed the GC–RM failure to partial 

delamination of the reference membrane from the smooth glassy carbon electrode surface. 

Indeed, even though both PE and GC-electrode show similar adhesion parameters with the 

RM (see Table S1 in Appendix VIII), the RM adhered much stronger to the rough Ag-IJP 

surface due to the interlocking with Ag-grains.  

We measured the response stability tests for both GC–RM and PE–RM in several 

salts, including KCl, NaCl, CaCl2 and NaNO3. The response plots and slope values are 

given in Figure 5 and Table 1 of Appendix VII, respectively. Both electrode designs gave 

slope values < 4 mV dec
–1

, indicating sufficient response stability in the broad ion 

concentration range (10
–6

 – 10
–2

 mol dm
–3

). The inter-electrode reproducibility of E
0
 value 
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for PE–RM (n = 3) in all tested electrolytes was less than 5.63 mV. Finally, the electrode 

response to pH changes was absent in the 2 – 10 pH window (see Figure 6 in Appendix 

VII). 

Finally, two proof-of-concept experiments were performed to showcase the 

applicability of the proposed reference electrodes in conventional electrochemical 

experiments. First, we calibrated a commercial sodium selective electrode using GC–RM or 

PE–RM as a reference electrode. As can be seen from the respective calibration lines 

(Figure 7A, Appendix VII), regardless of the reference electrode, a response slope higher 

than 55.57 mV dec
–1

 in the dynamic linear range from 10
–4

 to 10
–2

 mol dm
–3

 was obtained. 

Next, a reversible electron transfer reaction of [Fe(CN)6]
3–/4–

 on a polished glassy carbon 

electrode was recorded in a three-electrode cell using either PE–RM or a commercial 

reference electrode and an auxiliary platinum electrode. The obtained cyclic 

voltammograms were analysed by comparing peak-to-peak separation potential (Ep), 

giving the difference for the two measurements smaller than 3 % RSD. The measured 

current peak values, Ip, of the investigated redox system were used to calculate the 

geometric surface area (A) of the working electrode using the Randles-Ševčik equation. The 

relative standard deviation of A for the two systems was less than 7 %, indicating the 

suitability of our electrodes for the different electroanalytical techniques. 
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4. CONCLUSIONS 

This doctoral research was conducted in the context of current trends in the 

electrochemical sensor community, specifically focusing on the construction of – 

potentiometric sensors. Nowadays, the reported potentiometric sensors have achieved 

fantastic characteristics. However, only a few of these innovations ever see practical 

application beyond the labs in which they originated. Certainly, there is a challenge yet to 

be solved: developing a suitable mass production method and tailoring the functional 

material properties to make it suitable for such. Connecting the dots, we have adopted 

inkjet printing as a fabrication technique of choice, as the process is exceptionally 

adaptable, cost-efficient and sustainable, and put forward the research objectives around it. 

The first objective of this research was to develop inkjet printable electrically 

conductive ink based on carbon nanomaterials to be used as a solid transducer in a layered 

potentiometric sensor structure. As the carbon nanomaterial of choice, graphene nanosheets 

were quickly and inexpensively mechanochemically derived and successfully dispersed in a 

combination of green solvents, specifically accounting for droplet formation and printed 

pattern uniformity. The proposed MGNS ink was thoroughly characterized by density, 

surface tension, viscosity and absorbance measurements. 6 hours short-term stability was 

sufficient for the overall printing process and was easily restored after a month resting by a 

short treatment with a tip-sonicator. We successfully printed our ink onto polyimide and 

PET substrates. We have shown that solely photonic annealing was not applicable for 

restoring the printed patterns’ electrical conductivity, as the lightning-fast removal of 

ammonia leads to the removal of the graphene film from the substrate. However, with an 

optimised combination of thermal and photonic annealing, we managed to lower the sheet 

resistance to 626 ± 106  sq
–1

 for 20 overprints, indicating a great potential for further use 

in potentiometric sensors. 

An ammonium-selective solid-state electrode fabrication protocol was developed, 

relying on inkjet printing silver electrical lines and our optimized MGNS ink printing and 

annealing protocol. With this, the hypothesis – that improved analytical performance of 

ion-selective electrodes can be achieved using carbon nanomaterials as inkjet printed solid 
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contact – was tested. EIS experiments have shown that inkjet printed MGNS layer 

sandwiched between an inkjet printed Ag-electrode contact and an ammonium-selective 

membrane improves the charge transport, facilitating the electrochemical double layer-

based ion-to-electron signal transduction. Moreover, due to the inherent hydrophobicity of 

graphene-based nanomaterials, the detrimental occurrence of a thin water layer was 

significantly reduced. We validated the external electrode polarization as a means of 

improving the inter-electrode reproducibility; the standard deviation of 𝐸0 was improved to 

5.1 mV, making it comparable to the reported literature. Our electrodes have shown a wide 

linear operating range of 10
–6

 – 10
–1

 mol dm
–3

 and a lower limit of detection of 0.88 ± 0.17 

µmol dm
–3

. The proposed sensors were successfully used in ammonium ion determination 

from real samples, such as artificial urine and leachate water, giving errors smaller than 4 

%. The proposed fabrication protocol is very promising, as the inkjet printed electrical and 

solid contacts can be further modified by depositing polymeric membranes with receptors 

for various other ions. Finally, an automated method for a rather viscous and volatile 

polymeric membrane cocktail is sought. 

A worthy contribution of this research was the development and optimization of an 

ion-selective membrane solvent carrier that does not compromise the well-established 

membrane solute content. Using the automated fluid dispensing machine, a controlled and 

repeatable deposition of homogeneous membrane films was achieved. The deposited 

membrane homogeneity was visualized using an innovative colorimetric absorbance 

method. A mixture of THF and cyclohexanone at equal volume ratios gave membranes 

with the highest degree of uniformity, without coffee-ring structures. In addition to that, we 

proposed a novel protocol of tracking ion-selective membrane evaporative drying by 

performing time-resolved high-frequency impedance measurements. Comparing the drying 

profiles of membrane cocktails prepared in pure solvents, THF or cyclohexanone, with a 

proposed solvent mixture, we have concluded that THF evaporates first, and is followed by 

cyclohexanone evaporation, resulting in a membrane drying profile governed by the least 

volatile solvent. The utility of impedance-based tracking of membrane drying lies in the 

ability of this method to pinpoint the exact moment of reaching the completely dried ion-

selective membrane. Thus, the mixed solvent membrane was completely dried after 11.5 
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minutes, highlighting the rapid character of the proposed production protocol. The 

membrane cocktails with optimized solvent composition were robotically deposited onto 

screen printed carbon electrode arrays. A single spot of a potassium-selective membrane (V 

= 0.20 µL) was enough to achieve the desired potentiometric response.  

The final hypothesis of this research was to prepare a unique reference membrane 

based on the Ag/AgCl pair, applicable to different electrically conductive substrates. The 

membrane cocktail was prepared using poly(vinyl butyral) as a membrane matrix and 

AgNO3 and NaCl as a source of Ag
+
 and Cl

–
 ions, respectively. Herein, we tested whether 

we could induce a photochemical reduction of the fromed AgCl to Ag
0
 using extremely 

short-time light pulses from the IPL system. Indeed, Ag–AgCl clusters responsible for the 

reference electrode potential stability were obtained after 91 s treatment with IPL, as 

confirmed by UV-Vis and OCP measurements, which significantly reduces the time needed 

for the photochemical reaction exhibited in the literature. A thorough analysis of surface 

changes at the RM–electrolyte interface during conditioning using EIS was presented, 

bolding a more reliable electrical contact for an Ag-inkjet printed electrode | RM system, 

compared to a glassy-carbon rod electrode | RM system. These findings were confirmed by 

mid-term stability tests in KCl where the glassy carbon-based RM exhibited drift after 2 h, 

while the inkjet-printed variant showed enhanced stability with only –0.2464 mV drift over 

8 h. Regardless of the conducting substrate, the electrodes maintained potential stability 

within ±4 mV over a tenfold increase in concentration for various salts (KCl, NaCl, CaCl2, 

NaNO3). Electrochemical characterization confirmed the applicability of inkjet-printed 

electrodes in both potentiometric and amperometric setups. These findings support a 

simplified, scalable protocol for rapid production of electrochemical sensor platforms. 

To sum up, this thesis presents valuable practical research that deals with all the 

important criteria to be considered when designing sensing platform fabrication protocols. 

All of the proposed research hypotheses were successfully confirmed and the research 

objectives were achieved. The presented research is just a snippet of the ongoing work, and 

it is about to be followed by the development of an overall unique potentiometric sensing 

platform that includes the deposition of electrical leads and solid contacts by inkjet printing 
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and the ion-selective and reference membranes by automated dispensing. With this, printed 

sensor integration into microfluidic devices and wearable devices will be enabled.   
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5. LIST OF ABBREVIATIONS, ACRONYMS, AND 

SYMBOLS 

𝑎 – the distance of the printer nozzle to the substrate 

𝑎I – ion activity 

𝐴 – geometric surface area 

AFM – atomic force microscopy 

AgNP – silver nanoparticles 

AuNP – gold nanoparticles 

𝛽IL – ion–ionophore equilibrium constant 

𝐶 – redox capacitance 

CIJ – continuous inkjet 

𝐶L – low-frequency capacitance 

CP – conductive polymer 

CRE – coffee ring effect 

CWE – coated-wire electrode 

∆𝐸p – peak-to-peak separation potential 

∆𝜑 – phase-boundary potential difference 

DLS – dynamic light scattering 

DMF – dimethylformamide 

DMSO – dimethylsulfoxide 

DoD – drop-on-demand 

DOS – bis(2-ethylhexyl sebacate) 

𝐸0 – standard electrode potential 

𝐸D – the diffusion within the ion-selective membrane 

EIS – electrochemical impedance spectroscopy 

𝐸J – liquid junction potential 

𝐸M – membrane potential 

𝐸PB – phase boundary potential 
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𝜂 – dynamic viscosity 

𝜀 – molar extinction coefficient 

𝜂 – dynamic viscosity 

𝐹 – Faraday constant 

f – frequency 

𝜙 – electrical potential 

FIM – fixed interference method 

FLA – flash-light annealing 

𝛾 – surface tension 

GC–RM – glassy carbon electrode modified with a reference membrane 

GO – graphene oxide 

𝑖 – electrical current 

IJP – inkjet printed 

𝐼P − peak current 

IPL – intensive pulsed light 

IR – infrared 

ISE – ion-selective electrode 

ISM – ion-selective membrane 

𝑘I – ion partition constant 

𝐾IJ
pot

 – potentiometric coefficient of selectivity 

LOD – limit of detection 

MGNS – melamine-intercalated graphene nanosheets 

𝜇 – chemical potential 

𝜇0 – standard chemical potential 

NMP – N-methyl-2-pyrrolidone 

o-NPOE – o-nitrophenyl octyl ether 

𝜈 – fluid velocity 

OCP – open-circuit potential 

𝑂ℎ – Ohnesorge number 
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PDMS – poly(dimethylsiloxane) 

PE–RM – inkjet printed electrode modified with a reference membrane 

PEDOT:PSS – poly(3,4-ethylenedioxythiophene):polystyrene sulfonate 

PEN – polyethylene naphthalate 

PET – poly(ethylene terephthalate) 

PI – polyimide  

PVB – poly(vinyl butyral) 

PVC – polyvinyl chloride 

RE – reference electrode 

𝑅𝑒 – Reynolds number 

RM – reference membrane 

𝜌 – mass density 

𝑅T – total resistance 

SC-ISE – solid-contact ion-selective electrode 

SC-qRE – solid-contact quasi-reference electrode 

SC-RE – solid-contact reference electrode 

SEBS – styrene–ethylene–butadiene–styrene 

SEM – scanning electron microscopy 

SSM – separate solutions method 

t – time 

𝑇 – thermodynamic temperature 

𝑡95 – response time 

𝑇𝑔 – glass transition temperature 

THF – tetrahydrofuran  

- – phase angle 

V – volume  

𝑊𝑒 – Webber’s number 

WLT – water-layer test 

𝑍 – impedance 

𝑧I – charge of ion I 
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128. A. Määttänen, P. Ihalainen, P. Pulkkinen, S. Wang, H. Tenhu, J. Peltonen, Inkjet-printed 

gold electrodes on paper: Characterization and functionalization, ACS Appl. Mater. 

Interfaces 4 (2012) 955-964. 

129. M. Baibarac, P. Gómez-Romero, Nanocomposites based on conducting polymers and 

carbon nanotubes: From fancy materials to functional applications, J. Nanosci. 

Nanotechnol. 6 (2006) 289-302. 

130. T. Matsumoto, A. Ohashi, N. Ito, Development of a micro-planar Ag/AgCl quasi-reference 

electrode with long-term stability for an amperometric glucose sensor, Anal. Chim. Acta 

462 (2002) 253-259. 

131. J. L. Do, T. Friščić, Mechanochemistry: A force of synthesis, ACS Cent. Sci. 3 (2017) 13-

19. 

132. S. Bhattacharjee, DLS and Zeta potential – what they are and what they are not?, JCR 235 

(2016) 337-351. 

133. G. A. Crespo, S. Macho, F. X. Rius, Ion-selective electrodes using carbon nanotubes as ion-

to-electron transducers, Anal. Chem. 80 (2008) 1316-1322. 

134. U. Mattinen, S. Rabiej, A. Lewenstam, J. Bobacka, Impedance study of the ion-to-electron 

transduction process for carbon cloth as solid-contact material in potentiometric ion 

sensors, Electrochim. Acta 56 (2011) 10683-10687. 

135. A. Michalska, Optimizing the analytical performance and construction of ion-selective 

electrodes with conducting polymer-based ion-to-electron transducers, Anal. Bioanal. 

Chem. 384 (2006) 391-406. 

136. K. E. Wyer, D. B. Kelleghan, V. Blanes-Vidal, G. Schauberger, T. P. Curran, Ammonia 

emissions from agriculture and their contribution to fine particulate matter: A review of 

implications for human health, J. Environ. Manage. 323 (2022) 116285. 

137. M. Rostampour, B. Bailey, C. Autrey, K. Ferrer, B. Vantoorenburg, P. K. Patel, P. Calvo-

Marzal, K. Y. Chumbimuni-Torres, Single-step integration of poly(3-octylthiophene) and 

single-walled carbon nanotubes for highly reproducible paper-based ion-selective 

electrodes, Anal. Chem. 93 (2021) 1271-1276. 

138. Y. Soda, K. J. Robinson, T. J. Cherubini, E. Bakker, Colorimetric absorbance mapping and 

quantitation on paper-based analytical devices, Lab Chip 20 (2020) 1441-1448. 



92 

 

139. Y. R. Jang, S. J. Joo, J. H. Chu, H. J. Uhm, J. W. Park, C. H. Ryu, M. H. Yu, H. S. Kim, A 

review on intense pulsed light sintering technologies for conductive electrodes in printed 

electronics, IJPEM-GT 8 (2021) 327-363. 

140. J. Sun, Q. Wang, G. Luo, W. Meng, M. Cao, Y. Li, M. D. Masterman-Smith, H. Yang, X. 

Sun, M. F. Lang, A novel flexible Ag/AgCl quasi-reference electrode based on silver 

nanowires toward ultracomfortable electrophysiology and sensitive electrochemical glucose 

detection, JMR&T 9 (2020) 13425-13433. 

 

 



93 

 

7. APPENDICES 

 

7.1. Appendix I – Manuscript of Publication 1 

 

Conductive inks based on melamine intercalated graphene nanosheets for inkjet 

printed flexible electronics 

 

Magdalena Kralj
1,*

, Sara Krivačić
2,*

, Irena Ivanišević
2
, Marko Zubak

2
, Antonio Supina

3
, Marijan 

Marciuš
4
, Ivan Halasz

1
 and Petar Kassal

2 

1 Division of Physical Chemistry, Ruđer Bošković Institute, Bijenička cesta 54, 10000 

Zagreb, Croatia 

2 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

3 Institute of Physics, Bijenička cesta 46, 10000 Zagreb, Croatia 

4 Division of Materials Chemistry, Ruđer Bošković Institute, Bijenička cesta 54, 10000 

Zagreb, Croatia 

Author contribution: 

* M.K. and S.K. contributed equally as the first authors 

M.K and S.K: formal analysis, investigation, methodology, writing – original draft; I.I.: formal 

analysis, investigation, writing – review and editing; M.Z.: formal analysis, investigation; A.S.: 

formal analysis, investigation; M.M.: formal analysis, investigation; I.H.: funding acquisition, 

supervision, resources, writing – review and editing; P.K.: conceptualization, funding 

acquisition, methodology, project administration, resources, supervision, writing – review and 

editing. 

 

This paper is published in an open access journal (https://doi.org/10.3390/nano12172936)



94 

 
 



95 

 
 



96 

 
 



97 

 
 



98 

 
 



99 

 



100 

 



101 

 



102 

 



103 

 



104 

 



105 

 



106 

 



107 

 
 



108 

 

 

  



109 

 

7.2. Appendix II – Supplementary information for Publication 1 

 

 

 

Supplementary information for the publication: 

 

 

Conductive Inks Based on Melamine Intercalated Graphene Nanosheets for 

Inkjet Printed Flexible Electronics 

 

 

Magdalena Kralj
1,*

, Sara Krivačić
2,*

, Irena Ivanišević
2
, Marko Zubak

2
, Antonio Supina

3
, 

Marijan Marciuš
4
, Ivan Halasz

1
 and Petar Kassal

2 

 

1 Division of Physical Chemistry, Ruđer Bošković Institute, Bijenička cesta 54, 10000 

Zagreb, Croatia 

2 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

3 Institute of Physics, Bijenička cesta 46, 10000 Zagreb, Croatia 

4 Division of Materials Chemistry, Ruđer Bošković Institute, Bijenička cesta 54, 

10000 Zagreb, Croatia 

 

 

 



110 

 

 



111 

 

 



112 

 

 



113 

 

 



114 

 

 
 

  



115 

 

7.3. Appendix III – Manuscript of Publication 2 

 

Flexible ammonium ion-selective electrode based on inkjet-printed graphene 

solid contact 

 

Sara Krivačić
1
, Željka Boček

1
, Marko Zubak

1
, Vedran Kojić

2,3
 and Petar Kassal

1 

 

1 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

2 Ruđer Bošković Institute, Bijenička cesta 54, 10000 Zagreb, Croatia 

3 HIS d.o.o., Donja Višnjica 61D, 42255, Donja Višnjica, Croatia 

 

Author contribution: 

S.K: formal analysis, investigation, methodology, validation, writing – original draft; Ž.B.: 

formal analysis, investigation, writing – original draft; M.Z.: formal analysis, investigation; 

V.K.: resources, investigation, validation; P.K.: conceptualization, funding acquisition, 

methodology, project administration, supervision, writing – review and editing. 

 

Reprinted with permission from S. Krivačić, Ž. Boček, M. Zubak, V. Kojić, P. Kassal, 

Flexible ammonium ion-selective electrode based on inkjet-printed graphene solid contact, 

Talanta 279 (2024) 126614. Copyright © 2024 Elsevier B.V.  

 

 



116 

 
 



117 

 
 



118 

 
 



119 

 
  



120 

 
  



121 

 
 



122 

 
  



123 

 

 

 

  



124 

 

7.4. Appendix IV – Supplementary information for Publication 2 

 

 

 

Supplementary information for the publication: 

 

 

Flexible ammonium ion-selective electrode based on inkjet-printed graphene 

solid contact 

 

Sara Krivačić
1
, Željka Boček

1
, Marko Zubak

1
, Vedran Kojić

2,3
 and Petar Kassal

1 

 

1 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

2 Ruđer Bošković Institute, Bijenička cesta 54, 10000 Zagreb, Croatia 

3 HIS d.o.o., Donja Višnjica 61D, 42255, Donja Višnjica, Croatia 

 

 



125 

 

 



126 

 

 



127 

 

 

  



128 

 

 



129 

 

 



130 

 

 

  



131 

 

  



132 

 

7.5. Appendix V – Manuscript of Publication 3 

 

Towards mass-production of ion-selective electrodes by spotting: Optimization 

of membrane composition and real-time tracking of membrane drying 

 

Sara Krivačić
1,2

, Ayian Speck
2
, Petar Kassal

1
, Eric Bakker

2 

 

1 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

2 Department of Inorganic and Analytical Chemistry, University of Geneva, Quai 

Ernest-Ansermet 30, 1221 Genève, Switzerland 

 

Author contribution: 

S.K: formal analysis, investigation, methodology, conceptualisation, writing – original 

draft; A.S.: methodology, investigation; E.B.: writing – review and editing, supervision, 

resources, funding acquisition, project administration, methodology, conceptualisation; 

P.K.: formal analysis, supervision, funding acquisition, writing – original draft, writing – 

review and editing. 

 

 

This is an open access article distributed under the terms of the Creative Commons CC-BY 

license, which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited. Copyright © 2024 Published by Elsevier B.V.  

 



133 

 

 



134 

 



135 

 



136 

 



137 

 



138 

 



139 

 

 



140 

 



141 

  



142 

 

7.6. Appendix VI – Supplementary information for Publication 3 

 

 

 

Supplementary information for the publication: 

 

 

Towards mass-production of ion-selective electrodes by spotting: Optimization of 

membrane composition and real-time tracking of membrane drying 

 

Sara Krivačić
1,2

, Ayian Speck
2
, Petar Kassal

1
, Eric Bakker

2 

 

1 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

2 Department of Inorganic and Analytical Chemistry, University of Geneva, Quai Ernest-

Ansermet 30, 1221 Genève, Switzerland 

  

 



143 

 



144 

 



145 

 



146 

 
 



147 

 

7.7. Appendix VII – Manuscript of Publication 4 

 

Application of intense pulsed light in the development of poly(vinyl butyral)-based 

all-solid-state Ag/AgCl reference electrodes 

 

Sara Krivačić
1
, Marko Zubak

1
, Domagoj Vrsaljko

1
, Petar Kassal

1 

 

1 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

 

Author contribution: 

S.K: formal analysis, investigation, methodology, validation, writing – original draft; M.Z.: 

investigation, formal analysis; D.V.: investigation, formal analysis; P.K.: conceptualisation, 

methodology, writing – review and editing, supervision, funding acquisition, project 

administration. 

 

 

This article was licensed to Sara Krivačić, Faculty of Chemical Engineering and Technology by 

John Wiley and Sons under the Licence Number 6070801272876. Copyright © 2024 Wiley-VCH 

GmbH.  

 

 



148 

 



149 

 



150 

 



151 

 



152 

 



153 

 



154 

 



155 

 



156 

 

 



157 

 

7.8. Appendix VI – Supplementary information for Publication 4 

 

 

 

Supplementary information for the publication: 

 

 

Application of intense pulsed light in the development of poly(vinyl butyral)-based 

all-solid-state Ag/AgCl reference electrodes 

 

Sara Krivačić
1
, Marko Zubak

1
, Domagoj Vrsaljko

1
, Petar Kassal

1 

 

1 Faculty of Chemical Engineering and Technology, University of Zagreb, Trg Marka 

Marulića 19, 10000 Zagreb, Croatia 

 

 



158 

 



159 

 

 



160 

 

 



161 

 

 



162 

 

 



163 

 

 



164 

 

 



165 

 

 



166 

 

8. BIOGRAPHY 

Sara Krivačić was born on 28 June 1996 in Zagreb, Croatia. She completed her secondary education at XVI 

Gymnasium in 2015 and, in the same year, enrolled in the undergraduate study programme in Applied 

Chemistry at the University of Zagreb, Faculty of Chemical Engineering and Technology. She obtained her 

Bachelor’s degree in 2018, defending a thesis entitled “Determination of Hexacyanoferrate by Ion-Selective 

Solid-State Electrode”, prepared at the Department of General and Inorganic Chemistry under the supervision 

of Assoc. Prof. Stjepan Milardović, PhD. In the same year, she continued her education in the graduate study 

programme in Applied Chemistry at the same Faculty. During her graduate studies, she volunteered in the 

Laboratory for Functional Materials at the Division of Materials Chemistry, Ruđer Bošković Institute, where 

she worked under the mentorship of Ana Šantić, PhD. In 2020, she earned her Master’s degree, having 

defended a thesis entitled “Corrosion Resistance of Biomedical Titanium-Based Implant Materials”, conducted 

at the Department of Electrochemistry under the supervision of Assoc. Prof. Jozefina Katić, PhD. In 2021, she 

enrolled in the Postgraduate Doctoral Studies in Chemical Engineering and Applied Chemistry at the same 

institution, where she conducted her doctoral research under the supervision of Assoc. Prof. Petar Kassal, PhD. 

During her doctoral studies, she collaborated on three scientific research projects (UIP-2020-02-9139, IP-2024-

05-4339, and Biomimetic Multifunctional Calcium Phosphate Coatings with Enhanced Anticorrosion 

Protection). She was actively involved in teaching activities at the Department of General and Inorganic 

Chemistry, assisting in laboratory courses and mentoring students. Over the course of her work, she supervised 

six master’s theses and two bachelor’s theses. In 2024, she was awarded the Outbound Mobility of Research 

Assistants (MOBDOK-2023) scholarship by the Croatian Science Foundation, which enabled her to spend six 

months as an Excellence Scholarship Fellow at the University of Geneva, Faculty of Science, Department of 

Inorganic and Analytical Chemistry, where she conducted research within the group of prof. Eric Bakker, PhD. 

Throughout her doctoral studies, she participated in thirteen scientific conferences and co-authored seven 

scientific papers published in journals indexed in the Web of Science (WoS) and Current Contents (CC) 

databases. 

 

List of publications: 

(7) S. Krivačić, A. Speck, P. Kassal, E. Bakker, Towards Mass-Production of Ion-selective Electrodes by 

Spotting: Optimization of Membrane Composition and Real-Time Tracking of Membrane Drying, Sensors and 

Actuators B: Chemical 423 (2025) 136759. 

(6) S. Krivačić, Ž. Boček, M. Zubak, V. Kojić, P. Kassal, Flexible ammonium ion-selective electrode based on 

inkjet-printed graphene solid contact, Talanta 279 (2024) 126614. 

(5) S. Krivačić, M. Zubak, D. Vrsaljko, P. Kassal, Application of intense pulsed light in the development of 

poly (vinyl butyral)‐based all‐solid‐state Ag/AgCl reference electrodes, Electroanalysis 36, 5 (2024) 

e202300368. 

(4) J. Katić, S. Krivačić, Ž. Petrović, D. Mikić, M. Marciuš, Titanium implant alloy modified by 

electrochemically deposited functional bioactive calcium phosphate coatings, Coatings 13, 3 (2023) 640. 

(3) I. Ivanišević, M. Kovačić, A. Ressler, S. Krivačić, Z. Katančić, I Gudan Pavlović, P. Kassal, Amphiphilic 

silver nanoparticles for inkjet-printable conductive inks, Nanomaterials 12, 23 (2022) 4252. 

(2) M. Kralj*, S. Krivačić*, I. Ivanišević, M. Zubak, A. Supina, M. Marciuš, I. Halasz, P. Kassal, Conductive 

inks based on melamine intercalated graphene nanosheets for inkjet printed flexible electronics, Nanomaterials 

12, 17 (2022) 2396. 

(1) L. Pavić, S. Krivačić, M. Moguš Milanković, A. Šantić, Low potassium mobility in iron pyrophosphate 

glasses, Journal of Non-Crystalline Solids 535 (2020) 119969. 


