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ABSTRACT

SCALABLE CONTACTLESS FABRICATION OF POTENTIOMETRIC
CHEMICAL SENSORS

Sara Krivaédié

University of Zagreb Faculty of Chemical Engineering and Technology
Trg Marka Marulic¢a 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.






ProSireni sazetak

Elektrokemijski senzori su uredaji koji pretvaraju elektrokemijsku interakciju na
elektrodi u analiti¢ki korisnu informaciju. Medu njima se potenciometrijski senzori isticu
jednostavnos$¢u izvedbe. Potenciometrijska ¢elija sastoji se od indikatorske (ion-selektivne)

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

Posljednjih nekoliko desetlje¢a minijaturizacija te decentralizacija analitickih
protokola dobiva velik znacaj, a potenciometrijski se senzori javljaju kao obecéavajucée
platforme za klini¢ke i okolisne analize. Klju¢na otkri¢a koja su omoguéila minijaturizaciju
i razvoj modernih potenciometrijskih senzora jesu (1) zamjena ion-selektivnih stakala s
polimernim ion-selektivnim membranama temeljenim na ionoforu i ionskom izmjenjivacu,
te (2) zamjena kapljevitog pretvornika s c¢vrstim kontaktom. Jednak razvojni smjer
karakterizira i referentne elektrode. Tako je ostvarena plosna izvedba senzora ¢ije su rane
proizvodne tehnike utvrdene u proizvodnji tiskanih plo¢ica. Medutim, pokazalo se da su
one prespore, nekompatibilne s fleksibilnim podlogama te generiraju velike kolicine

Stetnog otpada.

Moderne tehnologije proizvodnje elektrokemijskih senzora — sitotisak te injket ispis
— prikladne su za proizvodnju plosnih elektroda na fleksibilnim podlogama, $to posebno
prosiruje obim primjene modernih elektrokemijskih senzora. Sitotisak je trenutno
dominantna komercijalna proizvodna tehnologija. Medutim, kontaktna priroda ove tehnike,
potreba za Sablonama, niska rezolucija te velika potroSnja materijala ¢ine ga neprikladnim

za najnovije zahtjeve elektrokemijskih senzora.

Inkjet ispis — jos uvijek istrazivacka 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, Cesto fleksibilne podloge. Tako je ostvarena visoka preciznost i
niska koli¢ina otpada, §to ju ¢ini idealnom za razvoj proizvodnih protokola na visokoj skali.

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



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

ciljem formiranja elektri¢nih vodova, odnosno funkcionalnih elektrodnih slojeva.

Ova disertacija stoga ima za cilj odgovoriti na takve izazove u izradi ionsko-
selektivnih i referentnih elektroda s ¢vrstim kontaktom koriStenjem inkjet ispisa za
kontrolirano nano$enje elektricnih vodova i1 ¢vrstog kontakta. Buduéi da je inkjet ispis
polimernih ion-selektivnih membrana nemogu¢ bez prethodnog radikalnog umanjivanja
masenog udjela ¢vrstih komponenata membranskog koktela, istrazeno je automatizirano

nano$enje membranskog koktela na plo$ne 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 povrsine, idealne za slojeve u
¢vrstom kontaktu koji sprjeCavaju stvaranje vodenog sloja. MGNS sintetizirane su ekoloski
prihvatljivim mehanokemijskim putem koristenjem 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 uspjes$no ispisana na fleksibilne polimerne podloge te je
obradena kombinacijom toplinskog tretmana i tretmana intenzivnom pulsirajuéom
svjetlos¢u (IPL). Izmjerena je elektri¢na vodljivost ispisanih uzoraka od 626 Q/o, ¢ime je

potvrdena njezina prikladnost za izradu fleksibilnih senzora.

Razvijena je grafenska tinta nadalje koriStena za ispis ¢vrstog kontakta u razvoju
planarnih amonij-selektivnih elektroda (SC-ISE). Srebrni kontakti i MGNS sloj ispisani su
na poliimid, potom termi¢ki i IPL obradeni te modificirani amonij-selektivnom
membranom. Uvodenje MGNS sloja smanjilo je otpor elektrode s 7,31 MQ na 4,30 MQ,
poboljSavajuéi prijenos naboja. Elektrode su pokazale osjetljivost 52,0 mV dec™, donju
granicu detekcije 25,1 puM i visoku selektivnost prema NH,". Ispitan je uéinak
prepolarizacije na zanoSenje potencijala. Nakon prepolarizacije zanoSenje potencijala je
smanjeno s —0,39 na 0,10 mV h'!, a linearni raspon pro$iren na 10°-10"' M uz donju
granicu detekcije 0,88 uM. MGNS sloj znacajno je smanjio zanoSenje potencijala zbog
vodenog sloja (s 16 na 0,22 mV h™") i osigurao stabilan EMF (RSD 0,59 %). U analizi



procjedne vode izmjerena je koncentracija amonijevih iona u skladu s referentnom

metodom.

Vazan dio istrazivanja bila je optimizacija sastava polimerne membrane za
automatiziranu proizvodnju potenciometrijskih senzora. Umjesto razrjedivanja otopine,
optimiran je omjer otapala tetrahidrofuran (THF) i cikloheksanon (CH) radi stabilnog
nano$enja pomoc¢u dozatorskog robota. Analiza topografije boje pokazala je da jednaki
volumni omjer (THF:CH = 1:1) daje najujednaceniju debljinu membrane. Pracenjem
impedancijskih profila u stvarnom vremenu tijekom susenja polimerne membrane utvrdeno
je da se THF-membrana susi za <1 min, CH-membrana za 23 min, a mje$avina za 11,5
min, sa zavrSnom impedancijom oko 5,6 MQ. Time je potvrdeno da kombinacija otapala
omogucuje brze i kontrolirano susenje. Kalijeva selektivna membrana (K-ISM) izradena u
omjeru THF:CH = 1:1 automatski je nanesena na elektrode. Ve¢ jedan sloj osigurao je
stabilan odziv u klini¢kom rasponu koncentracija K*, dok su dva sloja smanjila standardnu
devijaciju E° na +4,0 mV dec!. Cijeli proces izrade i suSenja traje manje od 30 minuta, §to

omogucuje brzu i pouzdanu automatiziranu proizvodnju senzora.

Razvijena je planarna referentna elektroda s ¢vrstim kontaktom (SC-RE)
kompatibilna s izradenim inkjet ispisanim senzorima. Unutar membranske matrice
temeljene na poli(vinil butiralu) (PVB) formiran je Ag/AgCl par pomoc¢u fotoredukcije
intenzivnom pulsiraju¢om svjetlos¢u (IPL). IPL fotoredukcija traje 91 us, $to znatno
pojednostavljuje izradu SC-RE elektroda. Optimalna energija IPL impulsa bila je 100 J pri
2000 V, ¢ime se postigla stabilna Ag—AgCl ravnoteza bez prekomjernog stvaranja Ag
nanocestica. Pripremljene membrane nanesene su na staklenu ugljicnu (GC-RM) i inkjet
ispisanu srebrnu elektrodu (PE-RM). PE-RM je pokazala brzu stabilizaciju potencijala (3
min) i manju impedanciju, Sto ukazuje na bolji elektricni kontakt izmedu membrane i
tiskane povrsine. PE-RM elektrode pokazale su nisko zano$enje potencijala (—0,25 mV h?),
dobru ponovljivost (AE® < 6 mV) i stabilan odziv u §irokom rasponu iona i pH (2-10). U
testovima s komercijalnim senzorima i redoks sustavom [Fe(CN)s]*’*", PE-RM su dale
rezultate usporedive s komercijalnim referentnim elektrodama, potvrduju¢i njihovu

pouzdanost i primjenjivost u elektrokemijskim mjerenjima.



U sklopu ovog istrazivanja razvijen je skalabilan, isplativ pristup izradi
potenciometrijskih senzora koriStenjem inkjet ispisa. Elektricki vodljiva tinta na bazi
grafenskih nanoplahta optimizirana je s naglaskom na primjenu ekoloski prihvatljivih
sintetskih postupaka, otapala, uzimajuc¢i u obzir stabilnost i ujednacenost. Proizvedena je
fleksibilna amonij-selektivna elektroda s poboljsanim prijenosom naboja i smanjenim
uc¢inkom vodenog sloja, postizu¢i visoku to¢nost u stvarnim uzorcima. Novi sustav otapala
i automatizirana metoda nanoSenja ion-selektivne membrane osigurali su ujednacene
ionsko-selektivne membrane s brzim suSenjem. Fotokemijski pripremljena Ag/AgCI
referentna membrana osigurala stabilne potencijale na svim podlogama. Ovi napredci
potvrduju izvedivost potpuno integrirane inkjet ispisane platforme za mjerenje, otvarajuci

put brzoj proizvodnji i integraciji u mikrofluidi¢ke i nosive uredaje.

Kljuéne rijeci: potenciometrijski senzori, ionsko-selektivna elektroda s ¢vrstim kontaktom,

referentna elektroda s ¢vrstim 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



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.



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.



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
iIs 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"
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



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].

ION-SELECTIVE REFERENCE
ELECTRODE ELECTRODE

— -

SAMPLE

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.

lon-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



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 (Ty) 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).



(@) (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).

lonophores 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, B,.. 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



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
(TpCIPB") 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].

Cl

F,C CF,4
Q FaC \Q CF}
@lum.,.g@ Na Cl @um....a@m K @ ""'"B-Q
@ Fgc /@\ -
FiC CF;3

(a) (b) (©)

Figure 3. Chemical structure of alkali metal salt of (a) tetraphenylborate (TPB"),
(b) tetrakis[p-chlorophenyl]borate (TpCIPB") 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.



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:
AgCI(S) +e 2 Ag(s) + ClI™ (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 KCI 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.



2.2. lon-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:

Ag | AgCl | KCl g | LIOAC 4, || sample || ISM [ internal reference solution | AgCI | Ag

E, E, E, E, Ey E, E:
| | | |

reference electrode ion-selective electrode

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:

EMFZZEPB:(E1+E2+E3+E4+E5)+E]+EM (2)

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

and thus constant. The measured EMF can be described as:
EMF = Econst. + Ej + Ey 3)

where Ej is the liquid junction potential and Ey is the membrane potential. . E; 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, Ey; arises from the phase boundary potential between the
inner solution and the membrane (Epg), the diffusion within the membrane (Ep) and the

phase boundary potential between the membrane and the sample (Epg+):
Eyv = Epg + Ep + Epp- )

Epg 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: Ey; = Epg*
[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:

u(aq) = u°(aq) + RT Ina;(aq) + z;Fp(aq) (6)

u(org) = u°(org) + RT In a;(org) + zF¢(org) ()

Where u is the chemical potential (1° under standard conditions), z; is the charge, a, the
activity of the uncomplexed ion I, ¢ 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:

ul(org) —p®(aq) RT a(aq)
+—1In

Epp = A = —
PB ¢ ZIF ZIF aI(OI‘g)

(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, k;:

%(aq) — u°(or
ki = exp” (aq) RT.U (org) )
RT RT  a;(aq) (10)
Epg = —Ink; +—1
PB ™ 2F " I-I_ZIF nal(org)
RT  a;(aq) (11)

Epg =E°+—1
FB zF nal(org)

2.303 - RTl a;(aq) (12)
ziF 8 a;(org)

EPB =EO+

E° 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 a;(org) is constant. Then, the term a;(org) can
be included with all other sample-independent potential contributions (E°), giving the
simplified Nernst equation:

2.303 - RT (13)

0 log a;(aq)

Epg = E° + zl

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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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 1" binds to an electrically neutral ionophore, L:
laq) + Lamy 2 I Lgm) (14)

The interfacial potential at this phase boundary (A¢@,;) 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 — ¢,
arises due to the distribution of 1" 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) te = CPOA_I-'-(solid contact) (15)

Cp-’-R_(solid contact) te = CPO(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 (A¢,3) 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 Ag,, and A@,; are constant

values and are actually included in the term E° 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:

AE

i a7
tential drift = Ap,, = — ==
potential dri Paz A C
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 (SAMSs)
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. Bithlmann’s group reported a SC-ISE based on
tetrakis(pentafluorophenyl)borate (TPFPB") salts of cobalt(I)tris(1,10-phenanthroline)
([Co(phen)s]**) and cobalt(I11)tris(1,10-phenanthroline) ([Co(phen)s]*") [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°
reproducibility. Michalska et al. showcased that a combination of two different compounds
containing metal ions in different oxidation states, cobalt(ll) porphyrin and cobalt(l11)
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 (Agy,) 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 (Agy,,) 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 (Agy3) 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>-hybridized carbon nanomaterials. Reduced graphene oxide [41], graphene [42],
carbon nanotubes [43], fullerene Cgo [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, E°. Thus, E® — obtained by electrode
calibration — depends on the identity of the SC material. E° 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. E° 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.

WATER-LAYER TEST

\

E/mV

— positive
— negative

t/h

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 = iR, +é—tL (18)
Where i is the applied electrical current, t is the time of measurement, R, is the total
resistance of the electrode dominated by the presence of the ISM, C;, 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 C;, is necessary for a satisfactory potential stability [33]. The C;,
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.
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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 AgCI 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/AgCI layer with a protective Cl-ion containing membrane that serves as an internal
filling. A Ag/AgCl SC-RE was fabricated by smearing KCI-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 KCI 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 AgCI and KCI 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/AgCI 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
AgNO; 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 AgCI 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]. lonic
liquids are liquid-state organic salts, composed of an organic cation and an organic anion
[61]. lonic 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° value. The
theoretical sensitivity is defined by the Nernst equation as (2.303RT)/zF, that is, 59.2/
zymV dec™?! at 25 °C, showing that the sensitivity depends on the number of charges of an

analyte.

CALIBRATION PLOT
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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° 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 | and J is in

Zi )
fact a Nernstian equation extended by the factor Ki”’]f’taj /2 :

RT Zif, .
Epg = E* + ﬁln a; + Z(Kfftaj /Z’) (19)
l ]
j#i

where KII;’Ot is the potentiometric selectivity coefficient, whose thermodynamic definition is
given elsewhere [14]. Sensors’ selectivities are usually presented in the literature as the
logarithm of KII]’“: 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 I(I‘]’"t 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 a; = a are used to calculate the K"

_ (E] - EI)ZIF

t
logl’(ﬁ0 ="5303RT +(1—Zl/z])loga1 (20)

In FIM, the potentiometric cell is calibrated in a mixed solution of ion | containing a
constant background concentration of ion J. Then, Kﬁ"t is described by equation (21),
where a; equals the lower LOD [67]:

ap

Z1 22
Nz (22)

pot _
KI,] =

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
z; # 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

(AE/At) 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 tys — 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].
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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, 1JP 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 (C1J) 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
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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, CI1J is more common in packaging mass production, and DoD is the

most suitable for research and development of functional materials deposition.
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Figure 8. Inkjet printing principles: schematics of (A) ClJ, 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 (1/0Oh):

Re = — 23
7 (23)

vZpa
We = ” (24)

1 Re _ Jypa (25)

where v is the velocity of the ejected fluid, p is the mass density, a is the distance of the
nozzle to the support, n is the dynamic viscosity, and y 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 >,
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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 um. 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 ps,
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.

33



—
capillary flow capillary flow

/ \
TG W Ny

Marangom flow Marangom flow

ill: ﬂow capill ﬂow ‘
capillary prilary capillary flow caplllary flow

l l

dm

Coffee ring effect

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 Non-contact technique Contact technique

principle Selective, on-demand deposition ~ Transmission of the ink through
of conductive ink droplets onto the stencil
the substrate to form a desired
pattern
Droplet ejection via thermal, Pattern is defined via screen
piezoelectric or electrostatic mesh and stencil
control

Advantages Digitally controlled ink droplet Well-developed printing
deposition and location technique
Reconfigurable pattern High throughput
Can print on top of prefabricated  High speed with control over
flexible circuits deposition
Less material wastage Easily scalable to a large area
Versatile choice of inks and
substrates
Lower viscosity materials can be  Easy alignment of the
deposited transparent mask

Drawbacks Difficult to print viscous, Speed/throughput comparable to

membrane-like materials

Resolution is limited by the
droplet size

Incompatible with volatile
solvents

Energy inefficient

Lower throughput

Nozzle clogging, misfiring
Coffee ring effect

1JP

The resolution is limited by the
mesh screen (resolution > 30
pm)

Lower resolution

Ink drying on the masks,
resulting in deteriorated print
patterns and masks

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.

to the dispensing
control

piston

holder

syringe barrel

dispense needle

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

37



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.
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Figure 11. Working principle of IPL annealing system.

substrate transmision

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 mQ ot
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 %) 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 1JP patterns, three consecutive
pulses of 50 J cm? were needed. The lowest obtained average resistivity of 49 + 3 nQ m,
was only 9 nQ 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 Q/o 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).

41



12 4 12 4

10 10 -
4
(7]
&
a 8 8 -
K-
S
©
g 6 6 -
—
[5)
g 4 4 -
£
=]
(=

2 2 -

0 - 0

The reach of IJP in ISE fabrication The reach of IJP in RE fabrication
BMEC MWEC+SC HEC+ISM EC+SC+ISM B EC mEC+SC EC+SC+RM
(@) (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

(P1, PET, PEN), bolding the importance of sensor flexibility in contemporary applications.

Regarding ion-selective electrodes, the found literature was classified in four
groups:
e EC —only the electrical contacts were 1JP;
e EC+SC — both electrical contacts and solid contacts were 1JP;
e EC+ISM - only electrical contact and ion-selective membrane were 1JP;
e EC+SC+ISM - all the components of the layered electrode structure were
1JP.

Evidently, electrical contacts were in all cases fabricated by the means of 1JP.
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:

e EC - only the electrical contacts were 1JP;

e EC+SC - both electrical contacts and solid contacts were 1JP;

e EC+SC+ISM — all the components of the layered electrode structure were
1JP.

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 1JP electrical lead or over the 1JP 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.

ISM and type of Application
n Substrate EC SC deposition Analytical parameters Analyte (if specified) Ref
i SWCNT-COOH No ISM; DLR: 3-11 (pH); + .
1 Glass Ag-paste (P) receptor: SWCNT-COOH sensitivity: 48.1 mV/pH H Not specified [102]
Drop-cast K-selective DLR: 10° - 102 M;
Silicon Graphene ink . ISM in THF sensitivity: + .
2 wafer (P) Graphene ink (1JP) (valinomycin, KTpCIPB, 57.2mV dect K Not specified [103]
PVC, DOS) LOD: 10%* M
. -5 =EVE
Graphite in PVB Drop-cast NH,-selective DLRS.elr]OSi ti;itlo' M;
3 Paper Ag-ink (1JP) matrix (drop-cast or ISM in THF (NH,- y: NH,* Not specified [104]
dip-coat) ionophore, PVC, DOS) 57.30 mV/dec
’ ’ LOD: 10>*M
DLR: Sea water and
) No ISM:; 10*°-10 2 Mm; . river water
4 PEN Ag-ink (1JP) AGIAGS receptor: Ag/AQ,S sensitivity: S application [105]
-29.4mV dec* were presented
Drop-cast Na-selective Sensitivity in physiological
PEDOT: . . ISM in THF (Na- : : N .
5 PSS TisC, Ty (1JP) TisC,Ty (1JP) ionophore, Na-TFPB, Na—concerr1T'§(f;1';|O|oenC range: 40 Na Not specified [106]
PVC, DOS)
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IrO, and PDDA . DLR: 3-10 (pH); + .
6 ITO/PET ink (13P) IrO, (1JP) No ISM, IrO is a receptor sensitivity: 58.4 mV/pH H Not specified [107]
Drop-cast NOs-ISM in DLR:10°-10"' M;
7 PET Ag-ink (1JP) no SC THF (TOA-bromide, sensitivity: NO; Not specified [108]
DBP, PVC) 50 — 52 mV/dec
: DLR: 10*%- 107" M;
P . Drop-cast NO3-ISM in o ! _ .
8  Polyimide Ag-ink (1JP) no SC sensitivity: -56.6 mV/dec NO; Not specified
THF (TOAN, PVC, DBP) LOD: 105 M [109]
the
Ag- and . acidification of
.. . RuCls/RuO, No ISM - RuO, is DLR: 2-12 (pH); +
9 Polyimide  graphene ink (P) receptor for H" ions sensitivity: 57.9 mV/pH H a cancer cell [110]
(1JP) culture was
showcased
DLR: 10°%- 10 M; Publi-
10 Polyimide  Ag-ink (1JP) Graphene ink (1JP) Drop-cast NHa-ISM sensitivity: 55.6 mV/dec NH, Waste water  cation 2
(PVC, DOS, nonactin) analysis
' ’ LOD: 0.88+0.17 uM [111]

EC — electrical contact; I1JP — 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 AgCI deposition method RM and type of deposition Analytical parameters Ref
F Chemical SRR: 4 - 10 (pH);
1 PCB Ag-ink (1JP) formation no RM drift: 0.04 mV/h [112]
PET ) .
’ . . Chemical Drift <3 mV;
2 chromatrographic Ag-ink (1JP) formation no RM lifetime: 30 days [83]
paper
Chemical Drop-cast UV-curable ink SRR:10°-10" M;
3 PET Ag-ink (1JP) formation with grind KCI powder Drift: <2 mV/h; [113]
(22.25 wt.%) Lifetime: 4 weeks
. ) SRR: 2 — 10 (pH);
e g Cheried o s s w0t 0
° Drift; 0.13 mV/h
. SRR: 4 -8 (pH);
. IJP 2 wt.% agarose gel in 3 . 105 —1n g
5 PET Ag-ink (1JP) Flectrochemical M KCI / SBS fiber-mat / SRR: 107~ 10" M; [115]
ormation EGaln allo Drift <2 mV;
y Lifetime: 1 month
ORGSO
6  Polyimide Ag-ink (13P) - somamLt Naorin SRR: 2 10 (pH); s
g Drift = 0.2464 mV h™*
methanol [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.

Application
n substrate ISE RE analytical parameters Analyte (if specified) ref
olvimide EC: Pd-ink (1JP); IJP Ag-ink, AgCI chemical ISE: DLR: 4 —10 (pH); Real water
P ylass ’ SC & H" receptor: formation; sensitivity: 59 mV/dec; H* samples [117, 118]
g Pd/PdO RM (PVC, KCI, AgCl) RE: drift: 2.4 mV/pH and milk
EC: Au-ink (1JP); Ag-ink (1JP), ISE: DLR: 2 - 10 (pH);
2 paper SC & receptor: PANI AgClI electrochem. sensitivity: 61 mV/dec; H* Not specified [119]
(H" receptor) formation RE: drift: 4.35 mV/pH
EC&SC: . . 104 -1 pg-
graphene:PEDOT:PSS Ag"”‘; (P )’f‘gC' —Na"SE'.DLF_{-GEOS ‘\}/% M; o U
3 paper ink (1JP): chemica sensitivity: .4m 71ec : rine [84]
ISM: Na—IS’M formation; K-ISE: DLR: 10" —-10" M; Na analysis
K-ISM (1JP) RM (IL in PVC) (1JP) sensitivity: 62.9 mV/dec
hoto EC: Au-ink (1JP); EC: Au-ink (1JP); ISE: DLR: 10°-10% M;
4 pa or SC: PEDOT:PSS SC: PEDOT:PSS (1JP); slope: 62.0 mV/dec K* Not specified [120]
Pap (13P); K-ISM RM (IL in PVC) RE: SRR: 10°~ 10 M
EC: Ag-ink (1JP), Au- Ag-ink (1JP); Na-ISE:
. photo ink (1JP); AgCl chemical DLR: 10" - 10" M; Na®* Urine [121]
paper SC: CNT ink (1JP); formation slope: 56.42 mV/dec analysis

ISM: Na-ISM (1JP)

RM (IL in PVC) (1JP)

RE: drift: 2.5 mV
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EC: carbon ink;

EC: carbon ink;

6 PB;ZI;ET SC-receptor: reference element: I—ESIC?I;R633 r;\ill dgiH) ! H* A;wég'tal [122]
PANI ink (1JP) Ag/AGCI ink Pe:
AL . NO;-ISE: DLR: 10° -1 M;
IESCI\/I A l\lIJOmIiS(II\J/IP(gr slope: ~48.9 mV/dec; Wastewater
7  polyimide P Ag/AgCI NH,4-ISE: DLR: NOs . [123]
NH,-1SM containing 10251 M- analysis
CNT slope: 53.5 mV/dec
EC: Ag-ink (1JP); AA%;”CEE(}LJQQI H-ISE:
8 polyimide SC-receptor: gformation DLR: 4 -10 (pH); H* Not specified [124]
graphene ink (1JP) RM (NaCl in PVB) (IJP) slope: 51 mV/dec
EC: Ag-ink (1JP); Ag-ink (1JP); K-ISE:
- SC: AgCI chemical DLR: 0 -2 mM; + .
9 polyimide PEDOT:PSS ink (1JP) formation sensitivity: 59 mV/dec K Not specified [125]
ISM: K-ISM (1JP) RM (IL in PVC) (1JP) RE: drift: 23.1 pV h!
EC: Ag-ink (1JP); . .
A~ i Ag-ink (1JP); +
» SC: G-PEDOT:PSS AgCl chemical Na-ISE, K-ISE: K% .
10 polyimide ink (1JP); p . — 56 mv/d Na Not specified [126]
ISM: K-ISM ormation sensitivity > 56 mV/dec
! RM (IL in PVC) (1JP)
Na-ISM (1JP)
A ) Ag-ink (1JP); lep-
_ EC:Ag-ink (1JP) SC: AgCl chemical NOgISE: ) .
11  polyimide Ag/AgCl, formation: DLR: 107 -10" M; NO; Soil [127]
ISM: NOs-ISE ' slope: -56 mV/dec

RM: Nafion membrane

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.
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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 1JP 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 Méittinen et al. [128]. Dodecanethiol-protected gold nanoparticles ink was synthesised
using a water solution of HAuCIl,-H,O as a precursor, tetraoctylammonium bromide as a
stabiliser, and NaBH, 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, 1JP
gold surfaces were thiolated using 1-octadecanethiol. The printed patterns’ surface
topology was thoroughly characterised, while the conductivity was measured to be 1.6 X
10" S m. 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 mQ 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 . 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 pm syringe filter and physically characterised by
the viscosity measurement (n = 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 MQ o* for unannealed patterns to 172.7 + 33.3 Q o * 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
(IrOy) nanoparticles (10 nm in diameter) were prepared using KzIrClg 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 IrOy 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 (RuOy) 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 RuO,. The controlled deposition
of variable quantities of Ru (100-200 pggr, cm?) 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 1JP 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° 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.

Sjoberg 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 1JP 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, in the potassium concentration
range 10° — 102 mol dm™>. However, the response reproducibility expressed as the

standard deviation of E° 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 1JP
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* for sodium and 46.1 mV dec* for potassium, both within a linear range of
10* - 10! mol dm3. With G/PEDOT:PSS as a transducer, the linear range did not change,
but the sensitivity improved to 62.5 mV dec* and 62.9 mV dec™ 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, T, = 66 °C) — is very difficult to 1JP.
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 1JP 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 (T, = 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, AgCIl-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 AgCI formation, as such deposit formation offers better
control of the deposit morphology and thickness [119].

Merkogi’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 AgCI 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-gRE) was evaluated by
chronopotentiometry in KCl 3.0 mol dm™ 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 AgCI, 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

55



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 KCI 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 AgQ/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° — 10! mol dm) 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 1JP
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 us, 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 (DMSQ). 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 (y = 31.67
mN m™?), viscosity (7 = 3.26 mPa s) and density (o = 0.9373 g mL™). 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 = 4.274+0.87 MQ sq *, and 10 overprints gave Rs = 2.0+0.9 MQ sq .

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
kQ sq . 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 um) 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 kQ sq* (10 overprints) and 626 + 106 Q sq* (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 Il). 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 Ill 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
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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 Ill. 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/AgCI/KCI/NaNO; 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 (Rpyx) in parallel with the geometric
capacitance of the membrane (Cg) [133]. Rpuik 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 Ry falls from 7.31 MQ to 4.30 MQ.
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 NH,CI 108 —
10! mol dm™ was repeated three times (intra-reproducibility assessment). A reliable
potentiometric response was obtained within c(NH4CI) = 10* — 10 mol dm3, with a
sensitivity of 52.045 + 0.525 mV dec * (R? = 0.9976). The lower limit of detection of 25.1
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umol dm~ was calculated according to the IUPAC recommendations for potentiometric

probes. Separate solutions method was used for the determination of the sensor’s selectivity

coefficient, Kﬁgﬂ] for the most common interferents in biological and environmental
4

samples, KCI, NaCl, CaCl,, MgCl,. All the KIE‘:I}] (given in Table 1 of Appendix IlI) are

lower than 10 %, 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°, 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 NH4CI 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 Ill. Att = 3 h, the measured potential range was 19 mV, and a mean
drift value of —0.393 mV h™'. 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 Il1, 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™.
Positive outcome of prepolarization is best indicated in the calibration curves (see

Appendix 1ll, Figure 4). The calibration plot of unpolarized electrodes shows a super-
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Nernstian response (84.52 mV/pNH,; R? = 0.9822) in the low concentration range, 10° —
10 mol dm™, and a sub-Nernstian response in the high concentration range (36.289
mV/pNH.; R®> = 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 NHs-ion concentrations
indicates that the membrane is too saturated with the primary ions.

The extension of the electrodes’ dynamic linear range to 10° — 10 mol dm™,
along with lowering of the lower detection limit to 0.88 + 0.17 umol dm™ 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 ! (R? = 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 NH,4CI) for 5 hours, then with an interfering ion solution (10 mM NaCl)
for two hours, and finally in the primary ion solution (10 mM NH,CI) for 8 hours (see
Figure 5A in Appendix IlIlI). 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™' in an interfering ion solution was observed, and —3.98
mV h* 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?, and in NH,CI it plummeted to 0.22 mV h’. 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~ and 10 mol dm™ (see Figure
5B in Appendix Il1). 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, NHz and ammonium ion, NH;" — 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 tgs was 13 seconds, making the proposed method time
efficient. The method validation is presented in Table 2 in Appendix Il1, 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 uL; the
wet membranes’ thicknesses were in the range 36.3 — 61.5 pm, and dried membranes’

thicknesses were in the range 11.6 — 17.2 pm.
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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 pL 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, -6 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° 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* 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 MQ (THF) 2.65 + 0.05 MQ (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 MQ), while the CH-based membrane reaches the impedance
plateau in 23.2 minutes (|Z| = 5.89 + 0.19 MQ). 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 MQ) 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 pL). The dried
membrane thickness of a single spot, h = 16 + 1 pum 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 KCI. 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° values improved from
+15.183 mV dec? for a single spot to +4.024 mV dec 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®* and Mg**, indicating good selectivity towards K* ions (see Figure S4 in Appendix V1).

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/AgCI pair within the PVB matrix was formed instantly, within 91 pus of exposure to IPL
as a light source for the photoreduction of AgCI. 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 AgCI 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
S1in 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 KCI solutions within
10 to 10% mol dm™® concentration range. Treating the membrane with high intensity light
pulses (energies > 200 J) pushes the degree of AgCl reduction to Ag’ giving the
membranes with an excess of AgNPs. Such electrodes gave high response slopes,
indicating a response to CI ions. Using utterly gentle IPL energies of 100 J at 2000 V, we
were able to significantly reduce the electrode response to CI™ ions. This is because at such
small light intensities only a part of AgCl was reduced to Ag®, 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 KCI 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 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 uF.

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—AgCI clusters and an excess of NaCl. Ag—AgClI clusters are the
heaviest membrane component. As the cast membrane dries on the electrode surface, Ag—
AQCI 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 uF.
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 mol dm~ KClI
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™t. 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
VI1I) to resolve whether this failure stems from CI~ 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-1JP
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 KCI, NaCl, CaCl, and NaNOg3. 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?, indicating sufficient response stability in the broad ion

concentration range (10°° — 102 mol dm ). The inter-electrode reproducibility of E° 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* in the dynamic linear range from 10~ to 102 mol dm 2 was obtained.

Next, a reversible electron transfer reaction of [Fe(CN)e]* "+

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 (AEp),
giving the difference for the two measurements smaller than 3 % RSD. The measured
current peak values, 1, of the investigated redox system were used to calculate the
geometric surface area (A) of the working electrode using the Randles-Sevéik 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 Q sq* 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 E° was improved to
5.1 mV, making it comparable to the reported literature. Our electrodes have shown a wide
linear operating range of 10° — 10* mol dm> and a lower limit of detection of 0.88 + 0.17
umol dm>. 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

7



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 uL) 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/AgCI pair, applicable to different electrically conductive substrates. The
membrane cocktail was prepared using poly(vinyl butyral) as a membrane matrix and
AgNO;3 and NaCl as a source of Ag* and CI ™ ions, respectively. Herein, we tested whether
we could induce a photochemical reduction of the fromed AgCl to Ag° using extremely
short-time light pulses from the IPL system. Indeed, Ag—AgCI clusters responsible for the
reference electrode potential stability were obtained after 91 ps 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 KCI 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 (KCI, NaCl, CaCl,,
NaNOs). 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,
SYMBOLS

a — the distance of the printer nozzle to the substrate
a; — ion activity

A — geometric surface area

AFM — atomic force microscopy

AgNP — silver nanoparticles

AuUNP — gold nanoparticles

B, — ion—ionophore equilibrium constant

C — redox capacitance

CIJ — continuous inkjet

C., — low-frequency capacitance

CP — conductive polymer

CRE - coffee ring effect

CWE - coated-wire electrode

AE,, — peak-to-peak separation potential

A¢ — phase-boundary potential difference

DLS - dynamic light scattering

DMF — dimethylformamide

DMSO - dimethylsulfoxide

DoD - drop-on-demand

DOS - bis(2-ethylhexyl sebacate)

E° — standard electrode potential

Ep — the diffusion within the ion-selective membrane
EIS — electrochemical impedance spectroscopy
E; — liquid junction potential

Ey — membrane potential

Epg — phase boundary potential

ACRONYMS,

AND
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n — dynamic viscosity

€ —molar extinction coefficient
n — dynamic viscosity

F — Faraday constant

f — frequency

¢ — electrical potential

FIM — fixed interference method
FLA — flash-light annealing

y — 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

ky — ion partition constant
KI‘}’Ot — potentiometric coefficient of selectivity

LOD - limit of detection

MGNS — melamine-intercalated graphene nanosheets
u — chemical potential

u® — standard chemical potential

NMP — N-methyl-2-pyrrolidone

0-NPOE — o-nitrophenyl octyl ether

v — fluid velocity

OCP — open-circuit potential

Oh — Ohnesorge number

81



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)

Pl — polyimide

PVB — poly(vinyl butyral)

PVC — polyvinyl chloride

RE — reference electrode

Re — Reynolds number

RM — reference membrane

p — mass density

Ry — 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

tys — response time

T, — glass transition temperature

THF — tetrahydrofuran

-0 — phase angle

V —volume

We — Webber’s number

WLT — water-layer test

Z — impedance

z; — charge of ion |
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Abstract: With the growing number of flexible electronics applications, environmentally benign
ways of mass-producing graphene electronics are sought. In this study, we present a scalable mech-
anochemical route for the exfoliation of graphite in a planetary ball mill with melamine to form
melamine-intercalated graphene nanosheets (M-GNS). M-GNS morphology was evaluated, reveal-
ing small particles, down to 14 nm in diameter and 0.4 nm thick. The M-GNS were used as a func-
tional material in the formulation of an inkjet-printable conductive ink, based on green solvents:
water, ethanol, and ethylene glycol. The ink satisfied restrictions regarding stability and nanoparti-
cle size; in addition, it was successfully inkjet printed on plastic sheets. Thermal and photonic post-
print processing were evaluated as a means of reducing the electrical resistance of the printed fea-
tures. Minimal sheet resistance values (5 k{2/sq for 10 printed layers and 626 ()/sq for 20 printed
layers) were obtained on polyimide sheets, after thermal annealing for 1 h at 400 °C and a subse-
quent single intense pulsed light flash. Lastly, a proof-of-concept simple flexible printed circuit con-
sisting of a battery-powered LED was realized. The demonstrated approach presents an environ-
mentally friendly alternative to mass-producing graphene-based printed flexible electronics.

Keywords: mechanochemistry; graphene nanosheets; conductive ink; inkjet printing;
printed electronics

1. Introduction

Flexible electronic devices manufactured by printing techniques on various sub-
strates, such as paper, polymers, and textiles, have recently gained tremendous attention
[1,2]. Unlike traditional silicon-based production techniques— often described as costly
and complicated —printing offers faster, simpler, as well as environmentally and econom-
ically beneficial production possibilities [3,4]. Numerous examples include printed elec-
tronic circuits [5], displays [6], radio frequency identification tags (RFIDs) [7], thin-film
transistors (TFTs) [8], and sensors [9]. Among different printing techniques, inkjet print-
ing offers several advantages in the publishing and graphics industries [10]. This non-
contact additive manufacturing technique is based on the selective ejection of individual
drops of a liquid material (ink) from the nozzle upon thermal or pressure pulse [11]; this
makes it easily adaptable for mass production. The arrival of inkjet printing outside the
scope of classical application came with the development of nanoparticle-based inks with
functional properties, especially electrical conductivity [2,12].

Printable inks are based upon a careful selection of the ink components, including
the functional material and (a combination of) solvents and stabilizers [13]. Metal
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nanoparticles [14-16], conductive polymers [17,18], and carbon nanomaterials [19-21] are
the most used functional components in electrically conductive inks. When formulating
inks, rheological properties must be carefully tailored to ensure proper jetting. In the case
of nanoparticle-based inks, additional restrictions regarding nanoparticle size and ink sta-
bility are imposed; these all prevent nozzle clogging.

Even though metal nanoparticles—due to their excellent conductivity —are among
the most commonly used materials, a growing interest is being devoted to carbon
(nano)materials [22]. Inkjet-printed carbon nanomaterials have therefore been used in the
development of flexible and wearable electronics [23,24], sensors [25,26), and film heaters
[27]. Considering its intriguing and unique physicochemical properties, such as large sur-
face area, exceptional thermal stability, excellent electrical conductivity, high electron mo-
bility, superior mechanical strength, flexibility, and undemanding chemical functionali-
zation, graphene has attracted attention as a promising functional material in the produc-
tion of flexible electronic components [28]. To achieve greater concentration in an ink,
without the reaggregation of the (nano)particles of the functional material, a suitable sol-
vent based on adequate solubility parameters should be selected; and/or a stabilizing
agent should be employed [29,30]. Common solvents for carbon (nano)material-based
inks, such as N-methyl-2-pyrrolidone (NMP), N-cyclo-2-pyrrolidone, dimethylforma-
mide (DMF), and dimethylsulfoxide (DMSO), are either expensive, chemically harsh,
toxic, and/or difficult to remove post-printing due to their high boiling points [30,31]; thus,
their use is not recommended [31-33]. However, environmentally compatible solvents of-
ten require the additional use of stabilizers, such as polymers and surfactants. For exam-
ple, graphene suspensions in cyclohexanone and terpineol have been stabilized with
ethyl-cellulose [34,35]; in water [36] and ethylene glycol [37] with the stabilizing agent
sodium dodecyl sulfate (SDS) [38]; and in ethanol, ethanediol, propanetriol, and deionized
water along with sodium carboxymethyl cellulose (CMC) [39].

Different synthetic routes toward graphene have been thoroughly investigated since
its discovery. These include the two main approaches: the top-down (TD) approach and
the bottom-up (BU) approach [28,32,40,41]. BU approaches, based on the nucleation of a
carbon precursor, are generally expensive and time-consuming. On the other hand, in the
TD approach, carbonaceous materials (such as graphite) are cut into nano-sized particles
by physicochemical processes, which pave the road to the mass production of graphene.
TD approaches include the famous Hummers’ method and liquid-phase exfoliation (LPE)
of graphite [42—44]. Yet, these have major limitations, such as the need for harmful and
complex pretreatments, high energy consumption, low yields, agglomeration tendency,
low-stability in polar solvents, high precursor costs, or the need for special equipment
[41,45].

Clearly, a facile, sustainable, reproducible, and low-cost route for the large-scale
preparation of graphene nanosheets (GNS) with minimal surface defects is required to
satisfy the growing industry requirements. For this reason, methods of mechanochemistry
have become attractive as they often provide quick and quantitative reactions of solids,
even on a large scale, while according with the principles of Green Chemistry [46]. There
are numerous examples of mechanochemical synthesis and modification of monodisperse
nanoparticle systems in a solvent-free environment [47-49]. As recently demonstrated,
graphite can be exfoliated through non-covalent interactions with melamine (1,3,5-Tria-
zine-2,4,6-triamine) in a ball milling process under solid, i.e., dry conditions [50]; this is in
contrast to the exfoliation of graphite with melamine in aqueous media [51-54].

We present here a facile, scalable, and green method for the development of inkjet
printable conductive graphene-based inks. We have adopted a mechanochemical route
for the exfoliation of graphite with melamine to form melamine-intercalated graphene
nanosheets (M-GNS). The M-GNS were used as the conductive material in the formula-
tion of an inkjet printable ink, with the aid of polymeric dispersants in green solvents
(water, ethanol, ethylene glycol). The electrical properties of the printed features were
evaluated and post-print processing optimized, to yield flexible printed electronic circuits.
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2. Materials and Methods
2.1. Materials

Graphite flakes (G) having particle sizes 200-300 pm were purchased from Gra-
phenea, San Sebastian, Spain and melamine from Alfa Aesar, Kandel, Germany. Ethanol
(absolute) and 2-propanol were obtained from Gram-Mol, Zagreb, Croatia, ethylene gly-
col from Sigma-Aldrich, St. Louis, MO, USA, and terpineol (mixture of isomers) from Alfa
Aesar, Kandel, Germany. All the chemicals were of analytical grade and were used as
received. Melamine intercalated graphene nanosheets (M-GNS, 1-2 sheets) were obtained
by a mechanochemical route and can be used without additional purification. Aqueous
solutions were prepared with deionized water (Millipore Milli-Q, specific conductivity
0.059 uS cm-'). Commercial polymeric stabilizing agents Solsperse 120005 and Solsperse
20000 were supplied by Lubrizol, Wickliffe, OH, USA. Surface mount light-emitting di-
odes for the proof of concept experiment were from Kingbright Electronic Co, New Taipei
City, Taiwan; they were glued to the printed conducting traces using a conductive glue,
Wire Glue, Anders Products, Melrose, MA, USA.

2.2. Mechanochemical Synthesis of Melamine-Intercalated Graphene Nanosheets (M-GNS)

Single- and double-layer melamine-intercalated graphene nanosheets (M-GNS) were
obtained by neat grinding in a ball to powder ratio ms:mpy = 1:12.7. The process was per-
formed at room temperature using a planetary ball mill PULVERISETTE 6 operating at
500 rpm, in a 50 mL stainless steel jar equipped with 12 stainless steel balls (m =4 g; d =10
mm). Graphite flakes (m = 0.5 g), melamine (m = 2.5 g), and dry ice (m = 0.8 g) were milled
in a mass ratio m(G):m(I):m(M) = 1:1.6:5 for 48 h in periods of 1 h milling, followed by 10
min of resting. The product was a black free-flowing powder that could be easily collected
from the jar using a spatula.

2.3. Preparation of M-GNS Inks

M-GNS inks were prepared by dispersing the powdered product in various solvents
using a Sonopuls Serie 2000.2 tip-sonicator, with the addition of Solsperse stabilizers. The
sonication was performed for 15 min at 25% amplitude of the initial power of 70 W. The
physical properties of the as-prepared formulations, including viscosity and surface ten-
sion, were measured with a micro-Ostwald viscosimeter 516 13/Ic, SI Analytics GmbH,
(Mainz, Germany) and KRUSS K6 tensiometer (Hamburg, Germany), respectively. All the
measurements were performed at room temperature (23 2 °C).

2.4. Inkjet Printing of M-GNS Inks and Post-Printing Processing

Inkjet printing was performed using a Fujifilm Dimatix DMP-2850 (Tokyo, Japan)
drop-on-demand printer, which utilizes 16 nozzles with a diameter of 21 um and a nom-
inal drop volume of 10 pL. The experimental printing parameters were optimized to
achieve continuous conductive features of the deposited ink on the selected substrates: PI
(Kapton, DuPont, Wilmington, NC, USA, d =25 um); and clear PET (Melinex 505, DuPont,
Wilmington, NC, USA, d = 125 pm). The printed patterns for characterization were 8 mm
x 8 mm squares designed in Dimatix Drop Manager Software 3.0, Fujifilm, Tokyo, Japan.

To improve electrical conductivity, the printed squares were processed both ther-
mally and photothermally using intense pulsed light (IPL). For thermal processing, the
specimens were placed in a furnace (Demiterm, Estherm d.o.0., Sveta Nedelja, Croatia) at
different temperatures for 1 h. For IPL processing, the jetted patterns were set approxi-
mately 1 cm from the flash lamp (Xenon, Wilmington, NC, USA, LH-912) of a Xenon X-
1100 IPL system. A series of experiments were performed to find the optimal energy at
2500 V.
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2.5. Characterization

Powder X-ray diffraction data were collected on a Aeris bench-top diffractometer,
Panalytical, Almelo, Netherlands, with Ni-filtered CuKa radiation obtained from an X-
ray tube operating at 7.5 mA and 40 kV, in the 20 range of 5-70° (step size of 0.027166°,
7.65 s per step). Thermogravimetric measurements were performed with a Shimadzu,
Kyoto, Japan, DTG-60H analyzer at a heating rate of 10 °C min™! from room temperature
to 1000 °C in a stream of nitrogen, for bulk M-GNS samples and the prepared ink; and
from room temperature to 1000 °C in a stream of oxygen for the polymeric stabilizers.
Scanning electron microscopy (SEM) imaging was performed on a Jeol, Tokyo, Japan,
JSM-7000F field emission scanning electron microscope, operating at 10 kV; while energy-
dispersive X-ray spectroscopy (EDX) analysis was performed on an Oxford Instruments,
Abingdon, UK, INCA 350 spectrometer coupled with the FE-SEM. Atomic force micros-
copy (AFM) micrographs were obtained by NanoWizard 4 ULTRA AFM, Bruker, Biller-
ica, MA, USA in AC mode. Samples for AFM were prepared by diluting the stock solu-
tions to a given concentration of 10 mg/mL and spin coating on a freshly exfoliated mica
substrate before drying at 70 or 150 °C in a Biobase Bov-30V Lab high-temperature vac-
uum oven for 2 h. Fourier-transform infrared attenuated total reflectance (FTIR-ATR)
spectra in KBr tablets were recorded on a PerkinElmer, Waltham, MA, USA, Spec-
trumTwo L1600400 spectrometer equipped with a diamond cell in the range of 4000-450
cm? with a resolution of 8 cm™. UV-Vis spectroscopy of the conductive ink was per-
formed with a Shimadzu, Kyoto, Japan, UV-1280 UV-Vis spectrometer. The absorption
spectra were recorded in the range 320-800 nm after diluting to 1:100 to assure a mean-
ingful absorbance range. Particle size distribution (PSD) was determined using a Zetasizer
Ultra (Malvern Panalytical, Malvern, UK) based on a He-Ne laser (A = 632.8 nm) and a
thermostated sample cell. The sample dilution was ¢ = 1:33, accounting for the graphene
refractive index of 1.957. Before measurement, the sample was equilibrated for 120 s at 25
°C+0.1 °C. The intensity of the scattered light was converted into contribution per number
of particles within the measured sample volume. Zeta-potential measurements of the M-
GNS ink formulation were carried out using the aforementioned instrument and the same
thermostated sample cell. The ZS Xplorer v1.00, Malvern Panalytical, Malvern, UK soft-
ware was used for data analysis. The sheet resistance of the printed samples was meas-
ured before and after both thermal and IPL processing using a four-point probe (Ossilla,
UK).

3. Results and Discussion
3.1. Synthesis and Characterization of Melamine-Intercalated Graphene Nanosheets

For the synthesis of the conducting nanoparticles, we adopted melamine-induced ex-
foliation in a planetary ball-mill that produces melamine intercalated single and two-lay-
ered graphene nanosheets (M-GNS). The role of melamine is to aid the exfoliation of
graphite by noncovalent interactions, and prevent re-aggregation of the graphene sheets
into a graphitic structure. Melamine has an aromatic core that interacts with the n-system
of graphene; however, multiple melamine molecules can form extended 2D networks via
hydrogen bonding, and this improves the exfoliation and stabilization of GNS [50]. The
synthesized M-GNS were thoroughly characterized to determine their composition, mor-
phology, and thermal properties. The Fourier-transform infrared attenuated total reflec-
tance (FTIR-ATR) spectrum of M-GNS exhibits bands characteristic of melamine, while
the absence of any additional bands demonstrates that the sample was pure (Figure 1).

Scanning electron microscopy (SEM) was used to evaluate the formation, size distri-
bution, and morphology of the M-GNS; while EDX analysis provided additional infor-
mation about the elemental composition of the sample. Figure 2 shows the morphology
and elemental structure of the raw M-GNS sample. It is noticeable that melamine, after
undergoing a grinding process, is present in the sample (evidenced by the significant
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nitrogen amount). A wide particle size distribution is also observed. The morphology cor-
responds to previously examined mechanochemically treated carbon materials [55].
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Figure 1. Fourier-transform infrared (FTIR) spectra for the raw sample of melamine-intercalated
graphene nanosheets (M-GNS).
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Figure 2. (a,b) Scanning electron microscopy (SEM) images and (c,d) energy-dispersive X-ray (EDX)

spectra of the raw M-GNS.
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Topological and morphological studies via atomic force microscopy (AFM) were con-
ducted primarily to visualize the surface structure of the M-GNS and height profiles with
and without melamine present in the sample. The AFM image (Figure 3a) shows mela-
mine layers with a lateral dimension of 200 nm. On the other hand, after thermal annealing
at 130 °C in a vacuum oven, the larger melamine flakes were removed by sublimation and
only smaller graphene nanosheets remained (Figure 3b,c). The average diameter of the
GNS was determined to be around 14 nm. AFM height measurements revealed an average
height of 0.3-0.65 nm corresponding to single- and double-layer GNS.

Height / nm
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00 9%
0 a0 © ® “ % ®
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Figure 3. Atomic force microscopy (AFM) images and cross-section analysis of the M-GNS dis-
persed in a mixture of ethanol:water:EG = 0.50:0.45:0.05. The sample was spin-coated on freshly
cleaved mica substrates and was dried in a vacuum oven for 2 h at (a) 70 °C and (b,c) 130 °C.

The prepared M-GNS were heated from room temperature to 1000 °C to determine
their thermal stability. It has been reported that melamine decomposition takes place in
three stages, undergoing progressive endothermic condensation during heating; with the
release of ammonia and forms products, such as melam, melem, and melon [56]. Products
of thermal decomposition of melamine are thermally more stable than melamine. Finally,
graphitic carbon nitride, g-CsNs is produced under further heating [57,58].

As expected, a typical differential weight loss in several regions was observed (Figure
4). The first stage covered the regions of maximum weight loss corresponding to the char-
acteristic mass loss at the range of 300400 °C. This is associated with melamine conden-
sation to melam (a short-lived intermediate) and further condensation to melem [57]. At
higher temperatures (around 400-600 °C), the condensation reaction slowly progresses; at
first, it yields melon and then, graphitic carbon nitride [59,60]. Finally, thermal decompo-
sition of graphitic carbon nitride takes place in the range of 600-750 °C [61]; whereas ad-
ditional changes in weight loss were not observed, proving good thermal stability of GNS.
The residual mass of GNS amounts to 18.6%, which is in good agreement with the initial
mass ratio of graphite to melamine during the mechanochemical exfoliation.
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Figure 4. Thermogravimetric analysis (TGA) curve showing the mass loss profile of M-GNS.

3.2. Preparation and Characterization of M-GNS Inks

The M-GNS were dispersed in green solvents using an ultrasonic probe to form con-
ductive inks for inkjet printing. We focused on less harmful polar solvents (water and
alcohols) and aimed to formulate an ink compatible with substrates commonly used in
printed electronics—PET and PIL. Graphene is known to form stable dispersions in sol-
vents with a similar surface energy to itself [62]. When adopting solvents of incompatible
surface energy, there is a requirement for stabilizers that adsorb to graphene nanosheets
during the homogenization step [36]. In this way, the stability of the ink is improved and
the shelf life is significantly extended. Commercially available Solsperse polymeric hyper-
dispersants —steric stabilizers with anchor groups optimized for strong adsorption to the
particle surface—were used for this purpose. We evaluated the stability of the M-GNS in
several solvents and their mixtures (see Supplementary Materials, Figure S1). Ultimately,
the selected composition of the ink was 2 mg/mL of the M-GNS dispersed in a solvent
mixture consisting of ethanol:water:ethylene glycol = 0.50:0.45:0.05 by volume; with the
addition of 0.36 mg/mL of Solsperse 20,000 and 0.04 mg/mL of Solsperse 120005 stabi-
lizers. The prepared ink is shown in Figure 5a. This composition demonstrated good wet-
ting of PET and PI substrates, with no observable coffee ring effect after drying.

The bottleneck of a piezoelectric drop-on-demand inkjet process is the development
of stable, single droplets without the formation of satellite (secondary) droplets [63]. This
can be achieved by tuning the inks composition and its physical properties, including vis-
cosity, density, and surface tension. The droplet formation behavior is often characterized
by Z, a dimensionless inverse Ohnesorge (Oh) number [11,64], Z = Vypa/n; where P 1V,
and a are the density, dynamic viscosity, surface tension, and dimensional parameter of
the printer, respectively. Low Z-values (<4) indicate possible difficulties in fluid ejection
due to the high viscosity, whereas a higher Z-value (>13) suggests the formation of satellite
droplets or, at least, uncontrollable ink leakage [2]. The requirements for inkjet printable
fluids include low viscosity (4-30 mPa s) and relatively high surface tension (around ~35
mN m) [11]. Our ink formulation had a measured Z-value of 7.7, indicating excellent
suitability for jetting.

The second major requirement of nanoparticle-based inks is nanoparticle size and
suspension stability. A maximum nanoparticle size of about 200-500 nm (1% of the nozzle
diameter) is generally suggested, along with the necessary stability against aggregation
and sedimentation [12]. Failure to meet either of these requirements can cause the clog-
ging of printer nozzles. Dynamic light scattering (DLS) analysis was performed to
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determine the particle size distribution of the fabricated M-GNS ink based on the number
of scattering particles, Figure 5b.

(a) (b) 7

100 200 300 400 500
d/nm

Figure 5. (a) The M-GNS ink after 24 h at rest after preparation; and (b) a histogram of the prepared
M-GNS ink from Dynamic light scattering (DLS) measurements, recorded in an aqueous medium
with a sample dilution of ¢ =1:33.

The histogram in Figure 5b shows that the sample contains particles of different sizes,
resulting in an average hydrodynamic particle diameter of d = 173.7 nm; this corresponds
to the size of melamine sheets observed in the AFM measurements (Figure 3a) and indi-
cates that the nanoparticles are small enough for printing without clogging. The stability
of the conductive inks was evaluated using zeta-potential measurements. Particle disper-
sions with zeta-potential values of +20-30 mV are generally assumed to be moderately
stable [65]. The measured C-potential of the M-GNS ink was —25.7 mV, indicating moder-
ate stability of the prepared graphene particles in the solution phase [66]. The stability of
real systems is determined by the relationship between attractive van der Waals forces
(information that is not detectable with C-potential measurements) and electrostatic repul-
sive forces between particles (provided by the zeta-potential). Accounting for that, disper-
sions with a lower absolute zeta-potential than that generally acknowledged should not
be discarded in terms of colloidal stability [67].

The long-term stability of the ink was additionally evaluated by optical absorption
spectroscopy. We collected UV-Vis spectra of freshly prepared ink and compared it to
those taken up to 32 days post-formation. Graphene has an absorbance maximum at ~270
nm [68-70]; however, this part of the spectrum is affected by absorption of the Solsperse
20000 stabilizer. Solsperse 12000S, on the other hand, has very strong absorbance in the
visible part of the spectrum (Figure S2); while its lowest absorbance is at A = 514 nm.
Therefore, 514 nm was chosen as the wavelength for monitoring graphene absorbance
reduction as a function of ink instability over time, Figure 6. As can be seen from Figure
6b, sedimentation is strongest within the first 6 h. However, the absorbance at 514 nm
does not fall below 91% of the initial value; this indicates good short-term stability for
single-day printing. In the following days, the absorbance decreases more slowly; it
reaches a minimum at 66% of the initial value after 32 days. On the 34th day of the ink
storage, we tip-sonicated the ink for 1 min (25% amplitude) and regained the initial ab-
sorbance value (100%). This indicates that although the ink shows moderate stability over
prolonged periods, the maximum stability can be recovered after only one minute of ul-
trasonication.
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Figure 6. (a) A comparison of UV-Vis spectra recorded immediately after ink preparation (day 0),
and 1, 4, 25 and 32 days post-preparation (dilution: 100 x); (b) the normalized view of the absorption
at 514 nm (dilution: 100x); (b) inset sedimentation of the ink within the first six hours after ink prep-
aration.

3.3. Inkjet Printing and Post-Printing Processing

The printing process starts with optimizing the printing parameters, which include
the following: waveform, applied voltage, drop spacing, jetting frequency, cartridge
height, number of printed layers, cartridge temperature, and platen temperature. The
printing was performed at a moderate temperature of 55 °C and low jetting frequency.
The other optimized printing parameters are shown in Table S1. For characterization, 8 x
8 mm squares were printed on polyethylene terephthalate (PET) and polyimide (PI)
sheets; this is due to these substrates being commonly used in printed electronics [12,71].
Multiple layers of the conductive ink were printed (Figure 7), which is a practical way of
increasing conductivity. The printed samples were characterized by sheet resistance
measurements (Rs) with a four-point probe. The printed films were not electrically con-
ductive up to three layers. At five layers, the measured sheet resistance was 4.27 + 0.87
MQ)/sq (SD) and further decreased with additional layers. Nevertheless, such high sheet
resistances are inadequate for most printed electronics applications; moreover, increasing
the number of printed layers becomes pointless beyond a certain number of layers, since
this greatly increases printing duration. Conductivity is instead commonly increased by
removal of non-conducting ink components, usually by thermal post-print processing
[72].

We exposed the printed squares to thermal annealing in order to improve the electri-
cal conductivity via the removal of melamine and polymeric stabilizers. As presented in
Figure 4, most of the melamine thermally decomposes at temperatures of up to 400 °C.
The polymeric stabilizer Solsperse 20000 decomposes at somewhat lower temperatures
(Figure S4); while Solsperse 12000S is more stable, but present in minuscule amounts.
Therefore, the printed squares on PI were processed for 1 h at different temperatures, up
to 400 °C (Figure 7b). The sheet resistance decreased gradually with temperature from the
initial value of around 2.0 + 0.9 MQ/sq (SD), down to 44 + 6 kQ)/sq (SD) at 400 °C. The
thermal processing also benefited the homogeneity of the printed features, as evidenced
by the decreasing standard deviations of measured sheet resistances.
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Figure 7. (a) The different number of printing passes of the conductive ink on a PET and PI substrate;
(b) the sheet resistance of printed squares on PI, after thermal annealing at different temperatures.
Error bars represent one standard deviation (n = 6); red diamond indicates the sheet resistance value
after intense pulsed light (IPL) annealing at the energy of 700 J; examples of flexible printed elec-
tronics using 10 layers (c) and 20 layers (d) of the M-GNS ink.

To gain better insight into the morphology and topology of the printed features, SEM
and AFM analysis were performed before and after thermal annealing at 400 °C (Figure
8). The surface morphology of the printed pattern before annealing is rough and inhomo-
geneous. We observed large melamine crystals (larger than 10 pm in diameter), which
disrupt the electrical conductivity (Figure 8a). The SEM picture of the printed pattern after
thermal annealing confirms a significant enhancement of the film quality and removal of
melamine crystals due to thermal decomposition (Figure 8d,e). Accordingly, AFM meas-
urements revealed a decrease in film thickness after annealing, along with a decrease in
surface roughness (Figure 8c,f). The surface roughness parameter Ra (average) decreased
from 580.6 nm to 216.0 nm, while the Rq (quadratic average) decreased from 789.1 nm to
289.1 nm.
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Figure 8. SEM (under different magnification) and AFM images of the M-GNS film on a PI substrate:
(a—c) before annealing; and (d—f) after annealing at 400 °C.

In addition to thermal processing, we evaluated intense pulsed light (IPL) as a way
of photothermal processing. IPL uses very short high-energy pulses of visible light; it
thereby diminishes the thermal stress on the sensitive polymeric substrate, which makes
it highly compatible with printed flexible electronics [73]. Graphene-based materials are
great candidates for IPL annealing due to their high absorption coefficient in the visible
part of the spectrum [74,75]. Nevertheless, the sheet resistance of printed squares was re-
duced only to around 43% of the initial value after exposure to 600 J (Figure S5). A further
increase in IPL energy caused an increase in resistance, suggesting that the conductive
film was damaged during the annealing process. This can be attributed to the formation
of gaseous products (ammonia) of melamine decomposition [58] in very short time inter-
vals, leading to the removal of graphene from the substrate. Therefore, IPL in itself is not
an optimal processing technology for this kind of conducting ink containing melamine.
However, we exposed the previously thermally annealed samples (at 400 °C) to IPL ener-
gies of 700 J. This combined processing procedure resulted in the lowest sheet resistances
of only 5.0 + 0.3 kQ/sq (SD) for 10 printed layers (shown in Figure 7b) and 626 + 106 Q/sq
(SD) for 20 printed layers. As can be seen from Table S2, the measured sheet resistances
are comparable to, or better than, those obtained in similar studies and for a comparable
number of printing passes. While printed metal nanoparticle inks can yield the lowest
sheet resistances, in some cases less than 1 Q/sq [12], in the case of graphene inks, sheet
resistances are usually larger than 1 kQ/sq for a single digit number of printed layers.
Increasing the number of printing passes reduces the sheet resistance below the value of
1 kQ/sq, which is usually observed at 20 passes or more (Table S2). Such resistivities are
sufficient for different printed electronics applications [23]. Finally, as a proof-of-concept
experiment, we constructed simple flexible LED circuits; we constructed the circuits by
printing 10 and 20 layers of the conductive ink on PJ, either as plain 2 mm wide conducting
traces or in the shape of our institution logo (Figure 7c,d). The printed traces were an-
nealed in the same way as previously optimized, by combining thermal and IPL pro-
cessing. The attached surface mount LEDs were successfully powered from a single 9 V
battery.
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4. Conclusions

We described here a novel mechanochemical synthesis of melamine-intercalated gra-
phene nanosheets; we suggest it as a potential approach for large-scale preparation of gra-
phene, which would comply with the basic principles of green chemistry. The prepared
M-GNS were used as a functional material for the formulation of a stable graphene-based
ink, suitable for inkjet printing. The printing process was optimized to generate electri-
cally conductive patterns on flexible PET and PI substrates. A combination of thermal and
photonic (IPL) annealing reduced the electrical resistance of the printed patterns by three
orders of magnitude. The presented procedure is both scalable and environmentally
friendly; in addition, it represents a starting point in the development of graphene-based
printed flexible electronics.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/nano12172936/s1, Figure S1: Stability in different solvents; Figure
52: Absorption spectra of stabilizers and ink formulation; Figure 53: Unsuccessful printing example;
Figure S4: Thermogravimetric analysis; Figure S5: Effect of intense pulsed light on sheet resistance;
Table 51: Optimized printing parameters; Table 52: An overview of relevant literature. References
[31,35-37,39,76-80] were cited in Supplementary Materials.
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S1. Preparation and Characterization of M-GNS Inks

Stability of the M-GNS was tested in several solvents: redistilled water (with and
without stabilizers), ethanol (96 wt.%) (with and without stabilizers), terpineol (without
stabilizers), as well as their mixtures. The stability of such formulations was visually ex-
amined. As shown in Figure S1., the stability against the reaggregation and particle setting
is very low for pure water and terpineol without stabilizers. The selected Solsperse stabi-
lizers can be used with polar (e.g. water and alcohol) solvents and they were not soluble
in terpineol so all formulations with terpineol were discarded. Generally, stability of the
ink formulation decreased upon a decrease in the used solvent polarity. While purely wa-
ter-based inks with stabilizers are stable, their surface tension is too high for successful
printing and wetting of the substrate. On the other hand, purely ethanol-based inks evap-
orate during printing (due to their low boiling points) which caused nozzle clogging and
print failure. Ultimately, a formulation consisting of EtOH:H20:EG = 0.50:0.45:0.05 by vol-
ume was selected based on the ink stability and rheological properties. The droplet for-
mation behavior can be roughly predicted by the dimensionless parameter Z, which is
defined in the main text. The determined physical properties of the printed M-GNS ink
include: surface tension, y = 31.67 mN/m; viscosity, = 3.26 mPa s; and density, p =0.9373
g/mL. Thus, the calculated Z-value corresponds to 7.7. Absorbance spectra of different ink
components are given in Figure S2.

—

c)

Figure S1. a) Water-based formulation without stabilizers (y(MGNs) = 3 mg/mL), 6 days atter prep-
aration; b) water-based formulation with stabilizers (y(MGNs) = 3 mg/mL), 7 days after preparation;
¢) terpineol-based formulation without stabilizers (y(MGNs) = 1 mg/mL), 5 days after preparation.
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Figure 52. Absorption spectra of stabilizers and ink formulation. Both stabilizers were measured at
the concentration as in M—GNS ink; the ink formulation was diluted 100 times.

§2. Inkjet Printing and Post-Print Processing

By determining an appropriate waveform and voltage, the jetting of a low viscosity
ink was successfully performed. The printing resolution, determined by the drop spacing
(DS), is governed by the overlapping of drops on the substrate. The DS optimization aims
to enable just enough overlap to form the conductive lines, i.e. to avoid severe overlapping
that could cause merging of the droplets, slower evaporation of the solvent, and conse-
quently, the appearance of the coffee ring effect [1] and inhomogeneous deposits. The eth-
anol-water-EG based ink is suitable for low energy consuming processes firstly, due to its
low viscosity, cartridge heating is completely unnecessary, and secondly, the ink’s rela-
tively low boiling point minimizes the prerequisite for high temperature platen heating.
All printing parameters are given in Table S1. Unsuccessful printing of an IPA : H20 based
formulation, which did not show adequate wetting of the substrate is shown in Figure S3,
for reference.

Table S1. The optimized printing parameters of M-GNS ink on the PET and PI substrates.

Voltage 9V
Frequency 10 kHz
DS 5 pm
Cartridge height 1 mm
Cartridge temperature 325°C
Platen temperature 55°C
Number of overprints 10

111



Figure S3. The printed patterns of IPA : H2O based formulation (y(MGNs) = 3 mg/mL).

100 4 = M-GNS raw sample
=== Solsperse 20000
s Solsperse 12000s
804
$ 60
"
S
404
204 L
0 v T v v T v T v )
200 400 600 800 1000
T/°C

Figure S4. Thermogravimetric analysis (TGA) curve showing the mass loss profile of M-GNS (blue),
and hyperdispersants Solsperse 20,000 (green) and Solsperse 12,0005 (red).

Complete thermal decomposition of Solsperse 20,000 was observed in the range 180—
450 °C. In addition, SOLSPERSE 12,000S decomposition also takes place in two stages. The
first stage of the decomposition takes place from room temperature to 180 °C and is asso-
ciated with moisture removal, mainly associated with evaporation of water content that
is present in SOLSPERSE 12,000S. The second stage was observed in the temperature
range 180—490 °C, corresponding to the complete decomposition of the stabilizing agent.
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Figure S5. The normalized sheet resistance of printed 8 x 8 mm squares upon irradiation by IPL of
different energies at 2500 V lamp voltage. Error bars represent one standard deviation (n = 6).

Table S2. An overview of relevant literature in the period from 2015 up to date. GO, Graphene
oxide; RGO, Reduced graphene oxide; CB, Carbon black; M-GNS, Melamine-intercalated graphene
nanosheets; MLG, Multilayered graphene; EG, Ethylene glycol; EtOH, Ethanol; D-H2O, Deionized
water; NMP, N-Methyl-2-pyrrolidone; PG, Propylene glycol; IPA, Isopropyl alcohol, MEG, mono-
ethylene glycol; PET, Poly(ethylene terephtalat); PI, Polyimide.

C trati Numb
Ref. Nanomaterial _ o o 10.11 Solvent P G ubstrate Processing Resistance
of Nanomaterial of Layers
EtOH, .
ethanediol glossy  thermal annealing
[39] RGO and CB  4.31 mg/mL o 4 photo at 100 °C, for 30 20kQ/o
propanetriol, D- Aper min
[31] graphene 3.32 mg/mL NMP 6 PET not specified 173 kQ/o
85%
[76] graphene 20 mg/mL cyclohexanone; 8 PET toils IPL 25 Q/o
15% terpineol
thermal annealing
[37] graphene 3.2 mg/mL EG 10 plastic foil  ~ 350 °C for 150 260 Q/o
min
) plasma treatment
5 EG=1: 2 ] 2k0O
[77] GO mg/mL HO:EG=1:1 10 photo paper for 120 min kQ/o
. EtOH:H:0:EG = thermal annealing
this work M-GNS 2 mg/mL 50:45:5 10 P1 and IPL 5 kQ/o
[31] graphene 0.62mg/mL  EtOH:H0 =1:1 12 PET not specified 75 kQ/o
this work M-GNS 2 mg/mL 20 PI 726.01 Q/o
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EtOH:H:0:EG = thermal annealing

50:45:5 and IPL
[78] GO 4 mg/mL b H2(=31E tl{_?lH'EG 20 PET IPL 760.4 Q/o
85%
[35] MLG 35mgmlt  cyclohexanone; 25 Plsheets ermalamnealing ooy 0o
) at 250 and 350 °C
15% terpineol
85% .
[35] MLG 35mgml?  cycohexanone; 30  Plsheets ermatannealitg oo g
. at 250 and 350 °C
15% terpineol
[79] graphene 3 mg/mL H:0:PG-10:1 40 paper  thermal annealing 1kQ/o
vacuum thermal
[36] graphene 2.25mg mL?! H-0 50 PEL paper annealing at 1.2+02kQ/sq
100 °C
[80] graphene 0.3 mg/mL D_HICI(;., éPA’ 60 photo paper 250°C,9h 266.67 Q/o
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ARTICLE INFO ABSTRACT

Handling editor: Agata Michalska Miniaturization and mass-production of potentiometric sensor systems is paving the way towards distributed
environmental sensing, on-body measurements and industrial process monitoring. Inkjet printing is gaining
popularity as a highly adaptable and scalable production technique. Presented here is a scalable and low-cost
route for flexible solid-contact ammonium ion-selective electrode fabrication by inkjet printing. Utilization of
inkjet-printed melamine-intercalated graphene nanosheets as the solid-contact material significantly improved
charge transport, while evading the detrimental water-layer formation. External polarization was investigated as
a means of improving the inter-electrode reproducibility: the standard deviations of E® values were reduced after
electrode polarization, the linear region of the response was extended to the range 107*-10~% M of NH,Cl and
LODs reduced to 0.88 + 0.17 pM. Finally, we have shown that the electrodes are adequate for measurements in a
complex real sample: ammonium concentration was determined in landfill leachate water, with less than 4 %
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Flexible electrode

Inkjet-printed sensor
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Wastewater

deviation from the reference method.

1. Introduction

Recent advances in open circuit potentiometry are driven by the
requirements of emerging on-site analyses for clinical, environmental,
and industrial process purposes [1]. Replacing the traditionally used
internal solution-based transducers with solid-contact materials solved
the inconveniences regarding the internal solution: changes in its
composition, concentration and volume, limited transport, and scope of
application of such electrodes. Thus, the ongoing trends in potentio-
metric sensor development were enabled [2]. Equally to the liquid
counterpart, stable and reversible ion-to-electron transduction estab-
lishes the stability and credibility of the response of solid-contact ion--
selective electrodes (SC-ISEs). This is achieved by good adhesion of the
solid-contact material between the ion-selective membrane and elec-
trically conducting material.

A broad range of solid-contact materials is available for imple-
mentation as the transducing layer in SC-ISEs, and these provide
reversible ion-to-electron transduction (and thus a stable response) via
different mechanisms [3]. Popular conducting polymer-based solid
contacts are most often deposited on an electrically conducting substrate
by electrodeposition, a step that complicates mass-fabrication intentions

* Corresponding author.
E-mail address: pkassal@fkit.unizg.hr (P. Kassal).

https://doi.org/10.1016/j.talanta.2024.126614

[4]. On the other hand, carbon nanomaterials have recently attracted
increasing interest as solid contacts in ion-selective electrodes, due to
their high specific surface area and hydrophobic character [5]. Addi-
tionally, unlike conductive polymers, signal transduction is not affected
by pH conditions [6], light, and the presence of oxygen and CO5 [7].
Carbon nanomaterials are generally produced by liquid-phase exfolia-
tion [8], making them compatible with a wide spectrum of additive
electrode production techniques [29]. Among these materials, graphene
stands out due to its excellent processability [10].

The Solid-contact electrode design enabled both miniaturization and
mass production. To reduce the costs of production, printing techniques
have emerged from the traditional environment of the graphics industry
[11]. Among these, drop-on-demand inkjet printing presents the most
promising solution for low-material consumption and mass production
of electrochemical sensors [12]. Inkjet printing is a digitally controlled,
contactless material deposition technology based on piezoelectrically or
thermally driven ejection of picolitre drops of ink [13]. Compared to
screen-printing, which currently dominates the arena of production of
commercially available electrochemical sensors, inkjet printing pro-
duces higher resolution patterns on flexible and fragile substrates with
less waste [14]. Maskless and digitally controlled, it is well-adopted for
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device prototyping since the determined design can be easily altered in
between the printing sessions.

Despite the convincing advantages, the scarcity of commercially
available inkjet-printed electrochemical sensors is caused by the chal-
lenges in ink formulation. Being the bottleneck of the inkjet printing
process, ink formulation is governed by considering the compatibility of
the ink’s physical properties with the print head requirements [15]. The
fluid characteristics that must be considered are the formulation’s vis-
cosity, density, surface tension, and the size of the suspended nano-
particles of the functional material [16]. Finally, the ink-substrate
interactions govern the quality of the printed pattern. These include the
prevention of particle sedimentation at the edges of the printed pattern,
e.g., coffee-ring effect [17], and adhesion of the ink to the substrate,
which is crucial for sensor flexibility. As a final step, post-printing pro-
cessing with the aim of solvents and stabilizers removal is necessary.
Traditionally employed thermal annealing is not suitable for
temperature-sensitive polymeric and paper substrates, and novel pro-
cessing means are being sought [18]. Among these low-temperature
sintering approaches, intense pulsed light (IPL) annealing is a
photo-thermal technique that uses very short high-energy pulses of
visible light. Thereby, it diminishes the thermal stress on the sensitive
polymeric substrate, making it highly compatible with printed flexible
electronics [19].

Although inkjet-printable inks based on graphene [20-22] and car-
bon nanotubes [25-26] have been presented, inkjet printing (especially
of carbon nanomaterials) has been scarcely used in the development of
SC-ISEs. Nitrate-selective electrodes were prepared by drop-casting the
ion-selective membrane (ISM) on inkjet-printed gold [27] or silver [28]
electrodes on flexible polymeric substrates. Iridium oxide
nanoparticle-based ink was formulated and inkjet printed on a PET
substrate giving flexible pH sensors based on reversible redox process on
the electrode surface [29]. In another example, potentiometric pH sen-
sors were prepared by inkjet printing a gold nanoparticle ink and elec-
tropolymerizing PEDOT-GOX films [30]. Potassium-selective electrodes
were prepared by inkjet printing gold nanoparticle and PEDOT:PSS ink
on paper substrates and drop-casting the ISM [31]. Regarding carbon
nanomaterials as the solid contact, potentiometric potassium determi-
nation was also enabled by inkjet printing graphene ink on silicon wa-
fers and drop-casting the K-ISM [32]. The authors have shown that
thermal annealing at a profoundly high temperature of 950 °C gives
electrodes with the best features in terms of electrical conductivity and
electrochemical sensing performances. However, this approach is not
applicable to heat-sensitive flexible substrates. A fully inkjet printed
paper device with potassium and sodium selective electrodes was
fabricated by printing graphene-PEDOT:PSS composite ink and ISMs
[33]. The composite ink was prepared by adding the graphene nano-
powder into a commercially available PEDOT:PSS aqueous solution. It
was shown that the addition of graphene to the PEDOT:PSS ink presents
a good strategy for avoiding the accumulation of water at the interface
with the ion-selective membrane, provides high-surface area and
improved conductivity, compared to pure PEDOT:PSS. However, the
authors did not compare the properties of the composite formulation
with a purely graphene-based formulation.

Chemically, ammonia in water consists of two species: ammonium
ion (NHZ) and associated ammonia (NHg). The total concentration of the
two species is denoted as total ammonia nitrogen (TAN) [34]. Naturally
occurring ammonia, formed by diazotrophic microbes, the decomposi-
tion of dead organisms in the aquatic and terrestrial environments, and
as a part of fish metabolism, is present in relatively low concentrations
and hence not harmful. However, ammonia pollution from agriculture
and municipal waste discharges causes acidification and eutrophication
of ecosystems, thus strongly violating natural biodiversity [35]. The
determination of TAN in water is a vital parameter in aquatic environ-
ment monitoring and many methods have been developed and routinely
used [36]. Among them, spectrophotometric, fluorometric and electro-
chemical methods are most used.
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With the advances in the mass production of miniaturized potenti-
ometric sensors, decentralized, on-site determination of TAN could
become a reality [37]. Proving that, there is already a few examples of
all-solid-state ammonium-selective electrodes, as shown in Table S1 of
the Supplementary material. In light of this, we present here the route
for solid-contact ammonium-selective electrode production by inkjet
printing. As the solid contact, we have inkjet printed a
melamine-intercalated graphene nanosheet functional ink to develop
low-cost flexible ion-selective electrodes.

2. Materials and methods

Chemicals. Throughout this work, two silver inks for inkjet printing
were used: JS-B25HV, purchased from NovaCentrix, USA, and DM-SIJ-
3201, obtained from Dycotec, UK. Graphite flakes with 200-300 pm
particle sizes were purchased from Graphenea, Spain, and melamine
from Alfa Aesar, Germany. Solsperse stabilizers, Solsperse 20 000 and
Solsperse 12 000S were obtained from Lubrizol, USA. Ammonium
ionophore I (nonactin, 95.0 wt%, HPLC grade), bis(2-ethylhexyl) seba-
cate (DOS), tetrahydrofuran (THF, 99.5 % wt), and ethylene-glycol were
purchased from Sigma Aldrich, Switzerland. High-molar mass poly
(vinyl chloride) (PVC) was obtained from Fluka, Switzerland. Ammo-
nium chloride, potassium chloride, sodium chloride, calcium chloride,
sodium dihydrogen phosphate dihydrate, oxalic acid dihydrate, sodium
sulphate, uric acid and urea, all pro-analysis grade, were purchased from
Kemika, Croatia. Disodium phosphate was purchased from Acros Or-
ganics, USA. Ethanol, 99.98 %, pro-analysis grade was purchased from
GramMol, Croatia. Potassium chloride was obtained from Alkaloid,
North Macedonia. All solutions were prepared using double distilled
deionized water (conductivity 0.060 pS cm, MiliQ, Millipore, USA).

MGNS ink preparation. Melamine-intercalated graphene (MGNS)
ink was prepared according to our previous work [38]. Briefly, 2 mg
mL™" of single- and double-layer melamine intercalated graphene
nanosheets (M-GNS) obtained by neat grinding of graphite flakes in a
ball mill were dispersed using a Sonopuls Serie 2000.2 tip-sonicator in a
mixture of ethanol: water: ethylene glycol = 0.50: 0.45: 0.05 by volume;
with the addition of 0.36 mg mL™' of Solsperse 20 000 and 0.04 mg
mL™! of Solsperse 12 0008 stabilizers. Prior to printing, the ink was
homogenized for 60 s using Sonopuls Serie 2000.2 tip sonicator.

Inkjet printing of flexible electrodes and solid contact. The
electrode layout was designed in CorelDRAW software. Electrical con-
tacts were produced by inkjet printing silver ink using a Gateway inkjet
printer (China) with Epson XP600 printhead, on polyimide substrates, ¢
= 0.075 mm (Kapton HN, DuPont, USA). The silver ink was dried
overnight at room temperature and cured with a single pulse light at
400 J and 2500 V using XENON X1100, XENON Corporation, USA
intense pulsed light (IPL). The circular working area of the electrodes, d
= 6 mm, was constructed by inkjet printing the MGNS ink either in 50
(for results presented in Section 3.3.) or 100 layers (for all other results).
The electrodes were thermally annealed at 300 °C for 1 h. Finally, the
electrodes were photonically treated using IPL with a single pulse of
initial voltage 2500 V and energy 700 J [38].

Morphological characterization. Morphology and elemental
composition of the surface were investigated using field emission gun
scanning electron microscope (FEG-SEM) JEOL model 7000F (Japan)
operating at 5 or 10 kV. FEG-SEM is equipped with energy dispersive X-
ray analyser (Oxford Instruments EDS/INCA 350, Japan) attached to the
microscope which was used for Energy-Dispersive X-ray Spectroscopy.
Spectra were recorded at 15 kV accelerating voltage. Secondary elec-
trons detector was used for material analysis, combined with EDS ob-
tained at the chosen area of the sample.

Ammonium ion-selective electrode preparation. The ammonium
ion-selective membrane for the functionalization of the inkjet-printed
solid-contact electrodes was prepared in 3 mL of THF by weighing 1
% ionophore nonactin, 32.5 % PVC and 66.5 % DOS, a total of 299.2 mg.
Four aliquots (30.0 pL) of the membrane cocktail were drop-cast by
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pipette on the working electrode area (limited to 6 mm diameter with a
polypropylene ring) and left to dry overnight. The prepared electrodes
were designated as SC-ISE. To determine the influence of MGNS solid
contact on the electrochemical characteristics of the inkjet-printed
electrodes, the ammonium-selective membrane was drop-cast in the
same manner directly onto the inkjet-printed silver electrical lines (DM-
S1J-3201 ink), making the coated-wire electrode configuration (CWE).
Before electrochemical characterization, the electrodes were condi-
tioned in a 10 mM primary ion solution for 3 h.

Electroanalytical characterization. All the electroanalytical mea-
surements were performed at room temperature. Potentiometric mea-
surements were done with a Lawson EMF6 Interface potentiometer
(Lawson Labs, Inc., Philadelphia, USA) in a two-electrode electro-
chemical setup, using SC-ISE or CWE as working electrode, and con-
ventional double junction Ag|AgCl|3 M KCl|0.2 M NaNOs reference
electrode. The analytical characteristics of the developed SC-ISEs for
ammonium sensing in deionized water were carefully examined by
performing the calibration tests in the NH4Cl solutions within the con-
centration range 10°°-10"' mol dm 3. Interference tests were per-
formed utilizing the separate solutions method (SSM). Briefly, the
developed electrodes were calibrated in the following salt solutions,
within the above-mentioned concentration range; KCI, NaCl, CaCly, and
MgCl,. Finally, a water-layer test (WLT) was performed: the electrodes
were first kept in 10 mM NH4CI solution for 5 h, then in 10 mM Nacl for
2 h, and finally returned to 10 mM NH4CI for an additional 8 h. For the
estimation of redox buffer.

The effect of redox interferents was investigated by recording the
open circuit potential in NHF solutions having a constant concentration
of 10 mM and 1 mM hexacyanoferrate (II/III) redox couple at different
Ox/Red ratios (1:9, 1:1 and 9:1).

Electrochemical impedance spectroscopy (EIS) measurements were
performed using PalmSens4 potentiostat (PalmSens, Houten, the
Netherlands) coupled to a personal computer. The EIS measurements
were done in 0.1 M NH4Cl solution, in a three-electrode electrochemical
cell, with either the CWE or SC-ISE as working, Ag|AgCl|3 M KCl1|0.2 M
NaNO3 reference, and Pt auxiliary electrode, at the open circuit po-
tential within the frequency range 100 kHz-10 mHz using 10 mV po-
tential amplitude.

Ammonium sensing in real samples. The composition of artificial
urine sample was slightly modified from Ref. [39]. Namely, it was pre-
pared by dissolving the following salts in 100 mL of deionized water:
0.1700 g NagS04, 0.0250 g CsH4N4Og, 0.0720 g NasCeHsO7 » 2H,0,
1.5000 g CH4N50, 0.2308 g KCl, 0.1756 g NaCl, 0.0185 g CaCly, 0.1266
g NH4C, 0.0035 g CoHp04 » 2H,0, 0.0021 g KOH, 0.1082 g MgS04 e
7H,0, 0.2912 g NaH,PO4 e 2H,0, and 0.0831 g Na,HPO4 s 2H,0.
Ammonium sensing was performed by direct potentiometry.

The leachate water was taken from the leachate collector basins on
the landfill site. For the reference method, the leachate sample was
mixed and diluted with demineralized water at a ratio of 4 mL of
leachate with 50 mL of water and stirred for 30 min 200 pL of the diluted
sample was placed in a cuvette of the test kit (HACH LANGE LCK 303
ammonia test, concentration range 2.5-60 mg dm™? NH4-N), mixed and
left to react for 15 min. This was performed three times. Each cuvette
was analysed on the DR 1900 HACH LANGE spectrophotometer to
determine the ammonium ion concentration after dilution, after which
the initial concentration of ammonia ion concentration in leachate was
calculated. The ammonium-selective SC-ISE was tested with the same
leachate samples. The ammonium-selective inkjet-printed electrodes
were calibrated in NH4Cl standard solutions, and the three-point stan-
dard addition method was used for the determination of c(NH4). A 10
mL leachate sample was diluted 1:10 in phosphate buffer, pH = 5,
prepared by mixing 0.067 mol dm™> of sodium dihydrogen phosphate
dihydrate and 0.067 mol dm~> of disodium hydrogenphosphate. A 10
mL aliquot of the diluted sample was placed in a beaker with SC-ISE and
the potential was measured. Then, 100 pL of 1 M NH4Cl standard so-
lution was added to the sample and the potential was measured. This
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final step was repeated three times to calculate the ammonium ion
concentration. The detection in the real sample was performed with 3
different SC-ISEs.

3. Results and discussion
3.1. Flexible SC-ISE fabrication by inkjet printing

Despite the many advantages of inkjet printing — it is a fast, scalable,
low-cost, environmentally friendly technique in the production of
electrochemical sensing systems [12] — inkjet printed electrochemical
sensors remain underdeveloped due to challenges associated with
functional ink formulation. Developing the ink for inkjet printing should
be tailored to the requirements of the printhead, to enable ejection of
single droplets from the printhead nozzle in a controlled manner. The
fluid characteristics that must be considered are the formulation’s vis-
cosity, density, surface tension, and the size of the suspended nano-
particles of the functional material [13,15]. Herein, we investigated the
possibility of incorporating our previously developed graphene-based
functional ink (MGNS-ink [38]) in the architecture of solid-contact
ion-selective electrodes. Based on the determined fluid characteristics
(7=3.26 mPas, y=31.67mNm™', p = 0.9373 g mL™"), the MGNS-ink
was found to be compatible with the printhead and was successfully
inkjet printed on top of previously inkjet-printed silver lines. The com-
plete electrode production process adopted in this work is schematically
shown in Fig. 1A.

Before functionalizing the electrodes with an ion-selective mem-
brane, processing of the inkjet-printed patterns was performed by the
combination of thermal annealing and intense pulsed light (IPL). This
was done to remove the additives that were initially included in the ink
composition (for the purpose of prolonging the stability of the functional
material against agglomeration) and to increase the conductivity of the
printed MGNS solid contacts. It was shown that IPL is very effective in
processing of graphene-based materials due to their high absorption
coefficient in the visible part of the spectrum [38,40,41]. The electrode
morphology upon inkjet printing and the combination of annealing was
characterized by SEM measurements. Fig. 51 shows the boundary of the
Ag-conducting line and graphene ink overprint. Uniform distribution of
the graphene solid contact over the silver electrode is visible from the
low magnification image and EDX analysis. The higher magnification
image (Fig. 51C) of the printed graphene nanosheets shows a thin
lamellar structure and features on the 100 nm scale.

The final step in the production of the electrodes was their func-
tionalization with an ion-selective membrane. Due to our printhead’s
compatibility with relatively low viscosity inks, the ammonium-
selective membrane was drop-cast on top of LJP solid contacts by pipette.

3.2. Electrochemical impedance spectroscopy

EIS measurements give insight into the resistance changes of the
inkjet-printed silver electrodes (CWE) upon the introduction of an
MGNS solid-contact material. The impedance spectra of both electrode
configurations show a typical high-frequency semi-circle resulting from
bulk ion-selective membrane resistance (Rpyy) linked to the contact
resistance between the electrode surface and ion-selective membrane
[42]. As depicted in Fig. S2A, incorporation of the MGNS layer lowers
the Rpuk from 7.31 MQ for a CWE to 4.30 MQ for a SC-ISE. The
low-frequency part of the EIS spectra depicts the ion-to-electron trans-
duction processes. Herein, the low-frequency component is depicted as
Bode spectra (Fig. S2B), where it is clearly shown that the low-frequency
impedance modulus, |Z| decreases with the introduction of the MGNS
layer [43,44]. The observed changes indicate that the introduction of
the MGNS solid contact facilitates charge transfer between the
ion-selective membrane and the electrode surface, making our inkjet
printed MGNS ink a reliable solid contact for SC-ISEs [42,45,46].
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Fig. 1. (A) The schematic representation of 1JP-based fabrication steps for the flexible solid-contact ion-selective electrode production; (B) the demonstration of the

flexibility of the inkjet printed electrodes.

3.3. Potentiometric response and selectivity

A single solid-contact ammonium-selective electrode was calibrated
using open circuit potentiometry (OCP). Fig. 2 depicts the measured
potential versus a ten-fold increase in the activity of the ammonium ions,
where the sensitivity of the electrode is reported as the slope of the linear
portion of the calibration curve. The average slope value of the three
repeated measurements with one SC-ISE, within a linear concentration
range of 107*-1071 M, is 52.045 + 0.525 mV dec™ ! (R? = 0.9976). This
is slightly lower than the ideal sensitivity of 59.2 mV dec™! (¢ = 25 °C)
for monovalent cation sensing. Such a sub-Nernstian response is often
seen in practice, due to the intrinsic properties of the ISM affected by the
optimization conditions, membrane materials, ionophores, and condi-
tioning settings [3]. The lower detection limit (LOD) was calculated by
the intersection of two slopes, giving the value of 25.1 pM. The deter-
mined sensing range and sensitivity of our SC-ISE are comparable to
those found in the literature for ammonium-selective electrodes with
graphene-based solid contacts [47-49].

Selectivity coefficients against several cationic interferents were
calculated using the separate solutions method (SSM) [50,51]. The
calibration curves of each interfering ions are given in the Supplemen-
tary, Fig. S3. Table 1 gives the results of SSM performed with the pro-
posed electrodes and compared with the literature values for other
ammonium-selective electrodes. The calculated selectivity coefficients
are all lower than 107", indicating high selectivity of the employed
ionophore.

50 mV

ElmV

5 8 7 £ 5 4 3 2 4 o0
log a(NH,)

Fig. 2. Calibration curve for three repeated measurements with one
ammonium-selective SC-ISE (50 overprints of MGNS ink).

Table 1
Experimentally obtained selectivity values for this work and literature-found
values for nonactin-based polymeric membranes.

. N -
Iﬂgj(::;: P This work [52] [53] [541 [49]1
KCl —1.03 —0.86 —0.68 —0.88 —1.8
Nacl —2.85 —1.83 —2.28 —2.89 —2.9
CaCls —3.93 —3.21 —2.59 —4.80 /
MgcCl —3.63 —3.78 —3.78 —5.50 v

3.4. Inter-electrode reproducibility

The emerging large-scale production protocols of single-use ion-se-
lective electrodes have coined demands for “calibration-free” measures,
which implies that only a few of the entire batches of the produced
electrodes are calibrated. This requires exceptional inter-electrode
reproducibility. The accepted figures of merit are reproducibility of
the E° and slope values of the linear region of the calibration curve
(expressed with their respective standard deviations), along with EMF
drift which should be reduced during the expected duration of the
measurement [3,55-57]. A batch of SC-ISEs was prepared and the
inter-electrode potential reproducibility of three different electrodes
was probed by potentiometric measurements in 10 mM NH4CL Fig. 3A
shows the initial conditioning of the three equally produced electrodes
from the same batch. The potential range of the three electrodes after 3 h
of conditioning was 19 mV (S.D. = 9.8 mV, n = 3), with a mean drift
value of —0.393 mV/h.

In an attempt to improve these values, we externally polarized the
SC-ISEs to 180 mV for 30 min. This prepolarization potential was chosen
as the approximate potential value towards which the three electrodes
were drifting [58]. It has been shown that differences between the E°
values of the entire electrode batch can be annulated by carefully
adjusting the ratio of the oxidized and reduced form of the redox active
solid contact material through the application of external potential or
current perturbation, and short-circuiting electrodes [58-61]. In addi-
tion to conductive polymers, this was recently conducted for
TEMPO-functionalized multi-walled carbon nanotubes and highly hy-
drophobic TEMPO-functionalized EDOT [62,63]. During the active
electrode polarization, primary ions are pushed through the bulk of the
ISM and contact the solid-contact material. While this incorporation of
primary ions helps in charging and discharging of conductive
polymer-based solid-contact materials [4,61], enhancing the overall
reproducibility parameters in carbon-based nanomaterials without
well-defined redox active species is made possible owing to redox active
impurities within the material [56] - in this case residual melamine and
its condensation products.
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Fig. 3. (A) The initial OCP measurement of MGNS-based NH4-ISEs in 10 mM
NH,4Cl and (B) after external polarization at 180 mV for 30 min in 10
mM NH,CL

The positive effect of external polarization on the inter-electrode
reproducibility and mid-term EMF stability can be seen in Fig. 3B: the
potential range of the three electrodes was lowered to 9 mV (S.D. = 5.1
mV, n = 3), with a mean drift value of 0.103 mV/h.

Another positive outcome of external polarization on inter-electrode
reproducibility can be clearly seen on calibration plots, Fig. 4. Unpo-
larized electrodes have very low linearity (R2 = 0.9432), and an in-
flection point in the response is observed between low concentrations
(10> to 1073) and high concentrations (1 073 to 1071) of the primary
ion. In the low-concentration range, a super-Nernstian response (84.52
mV/pNH,; R? = 0.9822) is observed, indicating a discrepancy between
ion activities in the bulk of the membrane and at the phase boundary
between the ISM and solution, i.e. the ongoing uptake of primary ions
into the membrane phase [64,65]. At high concentrations of the primary
ion, the membrane is highly saturated, and ion leakage tends to occur,
causing the high-concentration sub-Nernstian response (36.289
mV/pNHg; R? = 0.9996) [66].

It was previously stated that the undesired ion leakage can be
reduced or eliminated by electrode polarization [67]. Indeed, after po-
larization, the SC-ISEs dynamic range was extended and can be
expressed by a single linear equation with a slope of 55.594 + 0.429
mV/pNH4 (R? = 0.9856). The standard deviation of E° values for
repeated measurements (n = 3) was significantly lowered from 23.97
mV for non-polarized SC-ISEs to 9.78 mV for externally polarized elec-
trodes. These values can be further improved by incorporation of small
molecule redox buffers, which is highly compatible with mass fabrica-
tion by inkjet printing. The widening of the electrodes’ dynamic range
from 107'-107> M to 107'-107° M, along with LOD lowered to 0.88 +
0.17 pM further confirm the utility of external polarization on the
analytical parameters of the developed electrodes. The obtained
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Fig. 4. The comparison between calibration curves obtained for n = 3 elec-
trodes before (A) and after (B) applying the external polarization.

analytical parameters of the polarized inkjet printed SC-ISEs, are com-
parable or better than many similar carbon-based ammonium ion sen-
sors found in the literature (Table S1).

3.5. Srability and reversibility

Another key factor in assessing the EMF stability of solid-contact ion-
selective electrodes is investigating the possibility of formation of a thin
aqueous layer between the electrically conducting substrate and ion-
selective membrane [68]. The water layer can develop upon pro-
longed contact of the electrode with the aqueous sample, if the solid
contact material is not sufficiently hydrophobic. It thus presents an
undesirable process that disrupts the well-defined ion-to-electron
transduction between the SC and ISM and introduces parallel processes
that cause drifts to the measured EMF [55].

Herein, the response of SC-ISE and CWE was compared during pro-
longed measurements: the electrodes were firstly immersed in primary
ion solution (NH4Cl), then in interfering ion solution (NaCl) and finally
again in NH,4CI (all 10 mM aqueous solutions). As shown in Fig. 5A, both
CWE and SC-ISE stabilize within the first 2 h of OCP measurement.
Replacing the primary ion solution with the interfering ion, a sudden
change in the measured OCP for both the electrodes reflects the selec-
tivity towards ammonium ions. The OCP of a CWE measured in the
interfering ion solution shows a pronounced positive drift of 16.02 mV/
h. Replacing the solution back to the primary ion, a negative drift of
—3.98 mV/h is observed. This behaviour clearly retlects the formation of
a thin aqueous layer between the ISM and inkjet printed silver contact,
as is common for coated wire electrodes [2]. Upon introducing the
MGNS solid contact, the potential drift in both the interfering ion and
primary solutions is largely reduced and we can assume no water layer is
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Fig. 5. (A) The comparison of water layer test on inkjet printed ammonium-
selective electrode without (CWE) and with (SC-ISE) the MGNS-solid contact;
(B) reversibility test with ammonium MGNS-ISE within 10™% to 10~! M range
of NH,CL

formed due to the MGNS hydrophobicity.

Maintaining the sensor signal stability and reversibility is an
important request for the application in real environmental samples,
where the ion concentrations often tend to fluctuate, especially during
the prolonged measurements. Hence, the reversibility carry-over tests
were performed by continuously monitoring OCP while repetitively
cycling the concentration of standard solutions between 10~" and 1073
M. As seen in Tig. 5B, concluding the carry-over tests with 10™3 M NHF
solution, the original EMF of 173 mV remained stable with 0.59 %
relative standard deviation, indicating excellent reversibility and
negligible hysteresis effect.

Another factor that could influence the stability of a sensor in real
environment is the effect of the sample redox interferents. Fig. S4 shows
the influence of the redox interferents on the EMF stability of the
ammonium electrode. The potential was measured in a mixture of po-
tassium ferricyanide and ferrocyanide, both at 1 mM in molar ratios 1:1,
1:9 and 9:1.). We found there is a negligible effect of the change in ferri-:
ferro-ratios on the ISE potential (less than 1 mV for a 9 x change in
ratio).

3.6. Ammonium sensing in real samples

A final proof-of-concept examination was to determine the validity of
our sensors for ammonium-ion concentration measurements in real
samples. Urine is an extremely valuable diagnostic biofluid, as it con-
tains many clinically relevant ions and metabolites, among others
ammonium. For the proof-of-concept testing, we adopted the artificial
urine composition from Sarigul et al. [39]. Fully conditioned electrodes
were first calibrated in a narrow concentration range (Fig. S5) and then
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used for ammonium detection by direct potentiometry. The measured
ammonium concentration in the artificial urine sample was 22.36 mM,
giving an error of 4.0 % to the known concentration of ammonium ions
in the sample.

Next, we determined the validity of our sensors for ammonium-ion
concentration measurements in landfill leachate water. Fully condi-
tioned electrodes were first calibrated (Fig. 6A) and then used for
ammonium detection in buffered samples by the three-point standard
addition method. The potential of the electrodes was measured before
and after adding 100 pL of a standard solution (1 M NH4CI) to the
sample (Fig. 6B). The response time for the first addition, calculated as
the time needed for the sensor to reach 95 % of the total signal (tos), was
13 s, making the proposed analytical protocol remarkably time efficient.

Table 2 gives the comparison of the results of the ammonium ion
determination with three inkjet-printed SC-ISEs and the results of the
reference spectrophotometric analysis. The determined ammonium ion
concentration with the standard addition method was 30.61 + 1.30 mM
(n = 3), deviating from the value determined with the reference method
less than 4 %. Thus, we demonstrated that the described fabrication
methodology along with the developed analytical procedure are com-
parable to the traditionally used technique.

4. Conclusion

In this work, we have successfully inkjet printed a graphene-based
solid contact over flexible inkjet printed silver electrodes and deter-
mined its influence on the electrochemical characteristics of the pro-
duced sensors. Based on the EIS experiments, we have proven that

incorporating the MGNS ink between silver conductive lines and the ion-
selective membrane facilitates the charge transport and significantly

log a(NH,)

+100 uL

+ 100 pL

+100 pL

EfmV

0 1 2 3 4
t/ min

Fig. 6. (A) Potentiometric calibration curve of the MGNS-ISE-based ammonium
sensor measured in standard solutions, and (B) the potential trace in the real
sample upon the three consecutive standard additions of 100 pL of 1 M NH,CL
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Table 2
The results of the validation test in the real sample obtained by herein described
NH,4-SCISEs (n = 3) and evaluated by reference spectrophotometric method.

Concentration of NHE /mM 9% error
Inkjet printed SC-ISE (n = 3) Cuvette test (n = 3)
30.61 + 1.30 31.88 + 0.54 3.98

lowers the occurrence of the detrimental water layer formation. By
applying an external potential, we have significantly improved the inter-
electrode reproducibility: the standard deviations of E® values were
reduced from 9.8 mV for non-polarized electrodes to 5.1 mV for polar-
ized electrodes, while the linear region of the fabricated SC-ISEs was
extended from 107'-107> M to 107'-107® M and LODs improved to
0.88 & 0.17 uM (polarized electrodes). Finally, we have shown that our
electrodes are competent for measurements in real samples, such as
ammonium determination from artificial urine (by direct potentiom-
etry) and a very complex sample of leachate water, with errors less than
4 %. By functionalizing the proposed inkjet printed solid-contact elec-
trodes with ion-selective membranes containing different ionophores,
the proposed production protocol could enable mass fabrication of a
wide range of flexible potentiometric sensors. Future work will include
inkjet printing of ion-selective membranes, either by using printheads
compatible with higher viscosities or exploring alternative ion-selective
membrane compositions.
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Table S1. Literature

review with examples of

all-solid-state  ammonium ion-selective

electrodes.
Limit of
Substrate Solid-contact | Slope / Linear
Ref. detection / use
material material mV dec! | range /M
pM
Laser-induced
[1] Polyimide 51.7 10™-10" | 28.2 soil
graphene
Laser-induced
(2] polyimide 51.0 10%-0.15 | 30.0 urine
graphene
acetate
sheet etched
Natural
(3] | with Graphite 53.5 10%-10" | 6.0
water
aluminium
oxide
[4] paper Graphite 57.3 10°-1071 | 4.8 /
temporary
[5] transfer Carbon 58.7 10%-101 | 126 Sweat
tattoo paper
6] paper CNT 56.4 105-101 | 7.2 /
[7] Glassy AuNP-rGO 56.94 10°5-102 | 3.8 Lake water
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carbondisc | composite
electrode
Natural
[8] PET PEDOT:PSS 61.9 103-10"1 | 0.57
water
Graphite
[9] paste (disc Ppy 58.0 10°-10"1 | 1.00 soil
electrode)
Glassy
[10] | carbondisc | POT 59.5 10°-10* | 0.32 seawater
electrode
Glassy
[11] | carbondisc | PANI 58.1 10°-10"1 | 1.17 Wastewater
electrode
[12] | Silver wire PANI 56.59 10%#-10"! | 1.58 Wastewater
Melamine-
Inkjet
This intercalated
printed silver 55.6 10°%-101 | 0.88 Wastewater
work graphene
electrode
nanosheets
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Fig. S1. The SEM micrographs of inkjet printed and annealed electrode. (A) Ag-surface with
graphene ink overprint; (B) Elemental structure of Ag conducting line; (C) the magnification
of graphene overprint from figure S1(A), and its corresponding elemental structure (D).
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without (empty circles) MGNS solid contact.
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Solid-contact ion-selective electrodes present tools for rapid assessment of charged species within a vast number
of samples. Commercially available point-of-care electrochemical sensing systems are most often produced by
screen-printing. However, this method is not applicable to polymeric membrane deposition, due to the mismatch
of the membrane physical characteristics to those intended for screen printing. Herein, an industrial automated
dispensing machine was used for fast and controlled deposition of small volumes of ion-selective membrane.
Compared to the previously published literature, the dry solute membrane content was not altered. Rather, we
optimized the solvents for the ISM preparation, thus significantly lowering the required overall number of
membrane deposition steps. It was shown that dry membrane uniformity strongly depends on the solvent carrier
system, with the best uniformity for the membrane prepared in a solvent mixture consisting of equal volumes of
THF and cyclohexanone. The volume of a single membrane deposit (spot) was estimated based on colorimetric
absorbance measurements to be 0.20 pL. Already with a single spot of the ion-selective membrane, an adequate
potentiometric response to potassium ions was obtained, supporting the efficiency of the production technique.
Evaporative membrane drying was investigated for the first time using time-resolved impedance spectroscopy,
giving useful information on the influence of the solvent composition to the characteristics of the evaporative
time profiles. With this approach, the overall production and drying of the described devices takes less than
30 min.

1. Introduction towards widespread sensor distribution. Such systems are often

designed for single use that require no maintenance. Thus, achieving

The operational and instrumental simplicity of electrochemical
sensors [1] and a plethora of available ionophores for membrane elec-
trodes [2.3] allow ion sensing platforms to be applied in complex
matrices such as environmental [4] and biological samples [S]. In the
past few years, the original electrode design of polymeric membrane
potentiometric sensors has been reshaped: the inner liquid filling solu-
tion separating the ion-selective membrane (ISM) from the inner refer-
ence element was replaced with a solid-contact material [6], typically a
conducting polymer [7] or a large surface area capacitive material [8].
Such a solid-state electrode configuration is a key design improvement
for sensor miniaturization.

A recent flurry of publications aimed towards fast, simple and
inexpensive potentiometric sensing platforms [9-14] is paving the way

* Corresponding authors.

excellent inter-electrode reproducibility, often limited by the stability of
the phase boundary potential between the ISM and underlying solid
substrate [15], has become the key for the realization of truly “ready--
to-use” and often disposable electrochemical sensing platforms.
Developing scalable, automated fabrication approaches should help
bring about widespread ready-to-use sensors. Traditionally used fabri-
cation procedures, such as photolithography [16] or chemical vapour
deposition [17] are complicated, expensive and incompatible with soft
and thin substrates such as paper or polymers. On the other hand,
printing techniques originally developed within the scope of the
graphics industry, e.g. screen printing and inkjet printing, have already
entered the realm of commercial electrode production. These methods
owe their outstanding reproducibility to the fact that the electrodes are
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Fig. 1. (A) A photograph of screen-printed electrode arrays; (B) the schematic representation of electrode setup for the time-resolved impedance measurements.

produced in a predefined quantity from the same functional material
contained within an ink [18]. As opposed to screen printing, which is a
contact printing technique, digitally controlled inkjet printing deposits
picoliter droplets of functional ink onto a substrate in a non-contact,
high-precision manner, making it applicable for curved or fragile sub-
strates. However, such small droplet volumes tend to instantly evaporate
at the printer nozzle if the solvent mixture is not properly chosen [19].

Both screen printing and inkjet printing have already been used in
the fabrication of potentiometric sensing systems [14,20-25]. Yet, the
deposition of membrane material by inkjet printing has not been made
possible without drastically altering the amount of polymeric matrix by
dilution, thus requiring a large number of overprints that significantly
slows down the fabrication process [14]. The controlled deposition of
small volumes of polymeric solutions using high-precision automated
dispensing machines may instead be integrated into the electrode pro-
duction line. Dong’s group reported on the fabrication of all-solid-state
miniature sensors designed for long-term use in the continuous moni-
toring of soil nitrate. Both solid-contact material and ion-selective
membrane were deposited via an automated fluid dispensing robot
[26]. However, the dispensed membrane cocktail — containing poly
(vinyl chloride) (PVC) as the polymer matrix — was five times diluted in
tetrahydrofuran (THF) compared to the widely accepted cocktail
composition [27].

As evident from the above, the bottleneck to the efficient mass pro-
duction of membrane electrodes is the controlled deposition of the
sensing membrane. The influence of the homogeneity of the deposited
membrane on the standard potential reproducibility of the electrodes is
not trivial. Gyuresanyi and Lindfors have demonstrated excellent stan-
dard potential reproducibility of perfluorinated alkanoate side chain
functionalized poly(3,4-ethylenedioxythiophene) (PEDOT) hydropho-
bic membrane support before casting it with a potassium-selective
membrane (+ 0.5 mV, n = 6). However, the standard potential repro-
ducibility decreased to + 3 mV after drop casting the membrane onto
the hydrophobic support [28].

We present here an optimisation of the ion-selective membrane
composition that allows for the precise, reproducible and fast deposition
onto screen printed electrode arrays using an automated tluid dispenser
that is aimed towards industrial production. The dry solute membrane
content was not altered compared to the traditionally accepted
composition. Instead, the solvents for the membrane preparation were
optimized. In this manner, the required overall number of membrane
deposition steps were reduced. The amount, morphology and precision
of the depositions were probed by a colorimetric absorbance method
[29]. Finally, a novel experimental setup based on time-resolved
impedance spectroscopy was designed to directly track the membrane
drying process as a function of different solvents used for membrane
preparation.

2. Materials and methods
2.1. Equipment and methods

Potassium chloride (> 99.5 %, KCl), sodium chloride (> 99.5 %,
NaCl), magnesium chloride (> 97 %, MgCls), calcium chloride (> 96 %),
tetradodecylammonium  tetrakis(4-chlorophenyl)borate  (Selecto-
phore™, ETH 500), potassium tetrakis(4-chlorophenyl)borate (>
99.5 %, KTpCIPB), bis(2-ethylhexyl) sebacate (> 97.0 %, DOS), vali-
nomycin (SelectophoreTM, K-ionophore(I)), tetrahydrofuran (> 99.5 %,
SelectophoreTM, THF), and cyclohexanone (> 99.5 %, SelectophoreTM)
were purchased from Sigma Aldrich. Nile Red was obtained from Fluka.

Screen printed electrode arrays on paper substrates were donated by
Eaglenos Sciences, Inc., Nanjing, China and consisted of seven carbon-
based working electrodes and a silver/silver chloride reference elec-
trode, each electrode having a working area radius, r = 1.00 mm and
distance between the electrodes, d = 2.50 mm (Fig. 1).

For colorimetric absorbance mapping, a blank polymeric membrane
cocktail containing 33 mg PVC, 66 mg DOS, and 0.10 mg Nile Red in
1 mL solvent carrier was prepared. The membrane cocktail was spotted
onto photographic paper using an automated dispensing system
(Nordson E3 EFD, Ohio, USA) and dried at room temperature. The paper
was found not to absorb the spotted membrane cocktail. The image data
of the spotted membranes was obtained using a Canosan 9000f Mark II
flatbed scanner. If needed the pictures were processed with Image J and
further analyzed as described in Section 3.1.

The molar extinction coefficient (g) of Nile Red in the membrane
cocktail was estimated according to Beer’s law. First, 1 pL of the cocktail
(33 mg/mL PVC, 66 mg/mL DOS, and 0.10 mg/mL Nile Red) was drop
cast onto the photo paper; the area of the spots and the colorimetric
absorbance were determined after droplet drying. From the known wet
volume and area, wet droplet thickness was calculated and used for the
estimation of ewgr (18,500 M~ ! em™). For epry estimation, the same
membrane cocktail was diluted 10 times; 500 pL of this cocktail was
poured into a 2.9-cm-diameter glass ring affixed on a PET sheet and
dried. The dry membrane thickness of 50.33 pm was determined using
an optical microscope KERN OBE134 (Fig. S1). Upon recording the
absorbance spectra using a spectrophotometer, Shimadzu UV-1280, the
epry Of 19,665 M~! em™! was determined.

Impedance measurements were performed with a PGSTAT302
(Metrohm Autolab, B.V., Utrecht, The Netherlands) controlled by Nova
2.1 software. A two-electrode configuration consisting of identieal
screen-printed carbon electrodes was used. The measurements were
performed using the drying polymeric membrane (33 mg/mL PVC,
66 mg/mL DOS, 0.45 mg/mL KTpCIPB and 0.5 mg/mL ETH 500) as the
ion-conducting medium (Fig. 1B). The alternating potential of 10 mV
was applied at a frequency sean from 100,000 to 10,000 Hz. Using a
time-resolved program, the impedance (Z) at 10,000 Hz was plotted as a
function of time.

For potentiometric measurements the potassium-selective mem-
brane cocktail was prepared by weighing 33 mg PVC, 66 mg DOS, and
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Fig. 2. Photographs and 3D plots of absorbance values for the spotted membrane prepared in (A) 90 vol% cyclohexanone, 10 vol% THF; (B) 75 vol% cyclohexanone,
25 vol% THF; (C) 60 vol% cyclohexanone, 40 vol% THF; and (D) 50 vol% cyclohexanone, 50 vol% THF.
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0.25 mg KTpCIPB and 1.11 mg valinomycin into 1 mL THF:cyclohexa-
none (1:1) and vortexing the cocktail for 20 min. The membrane cock-
tails were spotted onto the screen-printed electrodes using the
automated dispensing system and tested the following day.

Potentiometric measurements were performed in a flow cell built in-
house using a high impedance input 16-channel EMF monitor (Lawson
Laboratories, Inc., Malvern, PA) to record the signal against screen
printed silver/silver chloride as reference electrode embedded in a
separate channel. The electrode calibrations were performed in KCl
solutions with a constant ionic background of 10 mM NacCl. For selec-
tivity tests, the separate solutions method (SSM) was used. The response
of potassium-selective electrodes was compared to the response to Mg2*,
Ca?" and Na® in the concentration range 101072 M of each salt. The
selectivity coefficients were calculated using Eq. (1):

t_ ZiF(Ey — Ey) ar
logKyy" == SosrT T 1% (a?m) (&)

where Kfft is the potentiometric selectivity coefficient, 2; (z;) is the
valency of ion I (J), R is the gas constant, E (Ej) is the measured po-
tential and a; (ay) the activity of ion I (J).

All electrochemical measurements were carried out in a Faraday
cage to prevent unwanted noise.

3. Results and discussion
3.1. Optimization of the membrane solvent carrier composition

Previously reported scalable fabrication procedures of miniaturized
membrane electrodes utilize diluted ion-selective membranes, thus
requiring multiple deposition steps to produce membranes having suf-
ficient thicknesses to withstand the intended usage [14,26]. In this work,
we overcome this challenge by optimizing the membrane solvent carrier
composition without diluting the traditionally accepted membrane
cocktail. The utility of THF in automated membrane deposition to the
electrode surface is hindered by its low boiling point [29,30]. THF can
be replaced with less volatile solvents (entirely or to some degree with
miscible solvents) — such as cyclohexanone [14,31-33], which allows for
better manipulation of membrane formulations and prevents separation
of the membrane phase at the tip of the dispenser.

Four membrane cocktails were prepared in the following solvent
mixtures: (1) 90 vol% cyclohexanone, 10vol% THF; (2) 75 vol%
cyclohexanone, 25 vol% THF; (3) 60 vol% cyclohexanone, 40 vol%
THF; (4) 50 vol% cyclohexanone, 50 vol% THF. The membranes were
spotted onto photographic paper using the automated fluid dispenser,
with the same deposition parameters, including pressure to the
dispenser syringe and the duration of applied pressure. Colorimetric
absorbance data of the dried specimens was used to create three-
dimensional plots giving information on the thickness uniformity of
the spotted membranes. The absorbance of the image data was analyzed
from the RGB information of the picture in Mathematica software [34]
to obtain the corresponding colorimetric absorbance values and
three-dimensional maps of the dye distribution. For an image taken by
the digital camera, the data is corrected by a factor y to make it appear
more natural to human eye. The detected absorbance is described with:

Iﬂ‘mmera

Args =7 *log

= —yelog OB @

Rief, Gref, Bres

Agcp is the colorimetric absorbance value in either the red, green, or
blue channel; R,G,B is the corresponding RGB value for the signal and
reference pixel in each channel obtained by the flatbed scanner. I e is
the relative light intensity of the pixel normalized to a value between
0 and 1; I camera is the light output of a reference blank pixel.

As can be seen from the 3D absorbance plots in Fig. 2A,B, the dried
specimens prepared with 90 and 75 vol% of cyclohexanone show a
pronounced structure inhomogeneity. Most of the dye particles

I camera

Sensors and Actuators: B. Chemical 423 (2025) 136759

accumulated at the periphery of the drop, forming a “coffee-ring” de-
posit. Such structure inhomogeneity follows from the capillary tlow
within the droplet during evaporation: the drop edge is pinned to the
substrate and the solvent flows from the centre towards the edge of the
drop. Increasing the volume of THF at the expense of cyclohexanone, the
“coffee-ring” surface relief diminishes (Fig. 2C, D) owing to the differ-
ences in viscosities, surface tensions and boiling points of the respective
solvents. As THF evaporates first, a surface tension gradient develops
across the droplet, resulting in the appearance of the inward Marangoni
flow that counteracts the capillary flow [35]. At equal volume ratios of
the two solvents a controlled surface morphology and uniform thickness
were obtained, indicating the most promising solvent composition for
automated membrane spotting.

The extinction coefficients of the wet and dry membrane were
determined from absorbance measurements, as explained in the Exper-
imental section. Using ewgr, the volume of a single spotted droplet was
estimated to be V = 0.20 pL. The thicknesses of the wet deposits (initial
thicknesses), [j, of the 4 membrane compositions were (1) 36.3 pm, (2)
54.0 pm, (3) 61.5 pm, and (4) 50.5 pm. epgy was used to determine the
final thicknesses, [f (1) 11.6 pm, (2) 17.2 pm, (3) 19.6 pm and (4) 16.1
pm.

3.2. Time-resolved impedance measurements

To characterize the influence of the solvent carrier composition on
drying of the ion-selective membrane, a novel experimental setup was
designed. Membrane cocktails containing PVC:DOS (1:2) and ETH500,
and KTpCIPB were prepared in pure THF, pure cyclohexanone and THF:
cyclohexanone (1:1 by volume), indicated as MIX in the further text. The
cocktails were drop cast onto two adjacent screen-printed electrodes
(Fig. 1B), to mimic the methods for accurate conductivity measurements
of small-volume samples [36-38]. 1 pL of the membrane cocktail was
cast on each of the two neighbouring electrodes. The drops spread
during wetting of the substrate and connected in the middle (Fig. 1B). In
this manner the deposited membrane made an electrical connection
between the two electrodes. The polymeric membrane consists of a
volatile solvent (THF or a mixture of THF and cyclohexanone),
non-volatile membrane solvent — plasticizer, DOS and a non-volatile
solute (PVC, ETH 500, KTpCIPB). As the solvent evaporation process
imposes a change in the membrane composition and structure, the
membrane impedance changes significantly with time.

Solvent evaporation is assumed to happen solely by means of diffu-
sion and is predicted with a Fickian diffusion model [39]. Evaporative
thinning profiles during polymeric membrane drying were here inves-
tigated using time-resolved impedance spectroscopy: a series of
high-frequency short-time impedance measurements were recorded at
distinct consecutive time intervals. The impedance measurements were
started at the time of membrane casting, as the solvent removal starts at
the same moment. Fig. 3A, C and E show the phase angle as a function of
frequency during the evaporative drying of the membranes prepared in
THF, cyclohexanone, and solvent mixture, respectively. At t = 0 (wet
membrane) the phase angle strongly depends on the frequency of the
sine excitation. At the highest frequency the phase angle approaches
90°, indicating capacitive behaviour, and falls to a minimum value as
the frequency of the sine excitation falls.

As the membrane dries, the frequency dependence of phase angle
becomes less pronounced and the membrane takes on a purely capaci-
tive behaviour. Wet and dry membrane thicknesses were estimated from
absorbance measurements as described in the Experimental section. The
estimated wet membrane thicknesses were: 155.5+15.3 pm,
142.54+13.0 pm, and 91.5+9.0 pm, for a membrane prepared in THF,
cyclohexanone, and solvent mixture, respectively. Dry membrane
thicknesses were: 34.8+4.4 pm (THF), 37.3+4.4 pm (cyclohexanone),
and 31.3+7.3 pm (solvent mixture).

Fig. 3B, D and F show the impedance profiles consisting of two parts:
(i) the impedance gradient that reflects evaporative thinning of the
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Fig. 4. The calibration plot of the electrode arrays modified with a potassium-selective membrane.
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membrane; (ii) a constant maximum value. The starting membrane
impedance at the moment, t = 0 s was 2.09+0.18 MQ (THF) 2.65+0.05
MQ (cyclohexanone), and 1.98+0.83 M (mixture).

The impedance changes due to evaporative thinning of membranes
prepared with single solvents, Fig. 3B and D, were fitted to a second
order polynomial (Table S1), describing the mass transfer in mixtures
consisting of long poly(vinyl chloride) chains mixed with small solvent
molecules (THF, cyclohexanone and DOS). The rate of diffusion within
the polymeric solution is controlled by the free-volume within the
polymeric mixture [40,41]. Based on this model, the total volume of the
polymeric mixture consists of the actual volume occupied by the com-
ponents of the mixture and surrounding them is the free-volume space.
This free-volume consists of the solvent and is further expanded by the
addition of the low-volatile plasticizer DOS [42]. The plasticizer does
not evaporate during the experiment, but rather provides an excess of
free-volume to the polymer. The significant difference in the two profiles
arises from the difference in solvent volatility (THF vs. cyclohexanone).
According to the free-volume theory, as the free volume diminishes due
to solvent evaporation, the solvent diffusivity diminishes as well [43].

In contrast to typical drying curves of unplasticized polymeric so-
lutions, where the solvent evaporation is the quickest at the beginning
and slows down gradually [44], a slower increase in impedance is
observed initially since the decrease in diffusivity of the lipophilic salts
is countered by an increase in their concentration. Additionally, in case
of both single solvents, the impedance sharply transitions to a plateau
that indicates complete dryness of the membrane. Such sharp transitions
have been previously observed, specifically in the case of diluted poly-
meric solutions, where the viscosity does not increase enough to hinder
transportation of the solvent molecules to the evaporation surface and
the evaporation rate remains constant [45,46]. In our case, as the
plasticizer occupies roughly double the volume of the polymer, the
evaporation of the last remaining solvent does not significantly alter
solvent diffusion and the drying progresses is rapid. Furthermore, since
conductivity does not increase linearly with concentration at high
lipophilie salt concentration [47], a decrease in the rate of impedance
increase is not expected. A membrane prepared with THF reaches the
maximum impedance value of 5.14+0.27 MQ already within 1 min. An
impedance plateau at 5.89+0.19 MQ is reached after 23.2 min for a
membrane prepared with cyclohexanone.

The time-resolved impedance measurement of a ternary mixture
containing THF and cyclohexanone at equal volume ratios is given in
Fig. 3E, F. The evaporative impedance time profile consists of two parts,
each fitted with its own second order polynomial (Table S2) for THF
evaporation and cyclohexanone evaporation. Compared to membrane
cocktails prepared in single solvents, the volume of each solvent is
halved. As THF rapidly evaporates the free-volume diminishes and the
polymeric chains rearrange. Thus, the diffusivity of the remaining sol-
vent is significantly lowered [48]. The properties of the resulting film
are governed by the less volatile solvent, cyclohexanone (T = 156 °C)
[49], as confirmed by the strong similarity in the frequency dependence
of the phase angle during the evaporative drying (Fig. 3C and E). The
impedance plateau at 5.60+0.01 M is reached within 11.5 min. This is
in agreement with the drying time of the membrane containing only
cyclohexanone (double volume).

3.3. Spotted membrane volume optimization

The polymeric membrane cocktail containing equal volume ratios of
THF and cyclohexanone was used for automated spotting of screen
printed electrode arrays. The potassium-selective membrane was
spotted onto working electrodes in one, two, three, four and five repe-
titions, with one spot having a volume of 0.20 pL (as determined in
Section 3.1). After drying, the membrane thickness of 16+1 pm was
estimated based on absorbance measurements (single spot, n = 5). The
electrodes were then examined with a camera to assure that the spotted
membranes do not overlap and that the electrode working area is
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Table 1
Experimental (biased) selectivity coefficient values for the potassium selective
eleetrode arrays prepared with 2 spots of the valinomyein containing membrane.

Ton (J) slope (mV) Ef (mv) logkESS
Kt 57.9 258.8 0

Na* 14.3 — 64.2 — 4.05
ca™* 6.3 —79.6 — 4.92
Mg+ — 83 — 108.9 — 5.02

completely covered with the membrane. The electrodes were embodied
in a flow cell and calibrated in solutions of KCI with a constant ionic
background of 10 mM NaCl. To mimic mass-fabricated single use sen-
sors, the electrode arrays were not conditioned before the measure-
ments. The potentiometric response was already quite stable upon first
contact with aqueous solution. Fig. 4 shows the calibration plots for the
devices prepared with different number of spots. Already with a single
spot, an adequate potentiometric response is obtained within a clinically
relevant potassium concentration range. Even though thinner mem-
branes have been successfully used in open circuit potentiometry
[50-52], herein we did not employ an intermediate layer of
solid-contact material for the sake of simplifying the electrode modifi-
cation towards mass production and evaluating purely the membrane
properties. For routine applications such as clinical diagnostics, a single
point calibration will however still be necessary. The inter-electrode
reproducibility, as expressed as the standard deviation of E° values,
improved from +15.183 mV/dec to £4.024 mV/dec after depositing a
second spot of the potassium-selective membrane. Hence, the electrodes
prepared with two spots were used to obtain the selectivity coefficients
using the separate solutions method (SSM) [53]. The potentiometric
response to K-ions was compared to the one obtained with clinically
relevant interferents, Na*, Ca2" and Mg?*, in the concentration range
from 107 to 1072 M, see Tig. S4. The selectivity coefficients are com-
parable to those previously reported with valinomycin-based potentio-
metric probes [54] (Table 1).

3.4. Conclusions

Presented here is the optimisation of membrane solvent carrier
composition aimed at decreasing the production steps of the solid-
contact ion-selective electrodes. It was shown that a 1:1 mixture of
THF and cyclohexanone gives membranes with uniform deposits
without coffee-ring structures. The influence of the solvent carrier
composition to the evaporative drying of the deposited membranes was
investigated using time-resolved impedance measurements. It was
shown that THF evaporates first, within a minute of membrane casting,
followed by cyclohexanone evaporation. As THF fully evaporates, the
free-volume within the membrane significantly reduces, thus lowering
the evaporation rate of cyclohexanone.

Using the automatized fluid dispenser, membranes prepared in the
solvent mixture were spotted onto screen-printed electrodes. With only a
single spot of potassium-selective membrane (total volume of 0.2 pL) a
desired potentiometric response was obtained. The modification of one
sensor array using the automated fluid dispenser takes less than a minute
and complete membrane drying is achieved in less than 30 min. These
results present a promising path towards rapid mass production of
robust potentiometric sensor arrays.
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Figure S1. A photograph of the flow-through cell used for potentiometric measurements.
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Figure S2. Cross-section of the Nile Red labelled membrane on a PET foil used for the

determination of the thickness of the dry membrane, €psy.
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(D) (E)

Figure S3. Photographs of the spotted membrane: (A) 1 spot, (B) 2 spots, (C) 3 spots,
(D) 4 spots, (E) 5 spots.
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Figure S4. Electrode response towards potassium, sodium, magnesium and calcium ions.
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Table S1. Fitting parameters for the evaporative thinning impedance measurements of
the polymeric membranes prepared in THF and cyclohexanone. The standard deviations
are given for three repeated measurements.

Equation Z=2Z(0)+ B1*t + B2*t"2

Solvent THF cyclohexanone
Z(0)/MQ 2.09+0.18 2.66+0.05
B1/s™ -0.888+0.396 0.027+0.001
B2/s™2 3.936+0.054 0.004+0.001

R2 0.9976 0.9900

Table S2. Fitting parameters for the evaporative thinning impedance measurements for
the polymeric membranes prepared in a mixture of THF and cyclohexanone (1:1). The
standard deviations are given for three repeated measurements.

Equation Z=2Z(0)+ B1*t + B2*t*2

Solvent THF cyclohexanone
Z(0)/MQ 1.98+0.83 0.07+0.02
B1/s™ 1.1940.24 0.013+0.00

B2 /s —0.2140.003 0.992+0.002
R2 0.9790 0.8690
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1 | INTRODUCTION

Advanced insights into electroanalytical systems enabled
the development of sensors for healthcare, environment
and industrial processes monitoring [1,2]. Given this,
manufacturing miniaturized devices has become a pecu-
liar research topic aimed toward lower-cost and easy-to-
use analytical solutions [3]. A reference electrode (RE) is
an essential component of every electroanalytical proto-
col. An ideal reference electrode should provide an accu-
rate, stable and reproducible potential, regardless of the
sample composition, temperature, pH, redox or light ac-
tivity [4-7]. Despite being universally adopted, conven-
tional Ag|AgCl reference electrodes with liquid com-
partments come with convincing limitations concerning
electrode miniaturization and maintenance, temperature
usage, and unfit structure for wearables [8,9] or some
point-of-care devices [10-13]. Miniaturising reference
electrodes has been a focal research topic and can be
summed up in eliminating burdensome glass electrode
components filled with internal liquid junctions and re-
placing them with electrically transducing materials and

Domagoj Vrsaljko |

Petar Kassal

Intense pulsed light was investigated for partial photoreduction of AgCl in a
poly(vinyl butyral) matrix to obtain a Ag/AgCl reference membrane. The
membrane was deposited on both glassy carbon and inkjet-printed silver elec-
trodes giving all-solid-state reference electrodes. Regardless of the electrode
material, a sufficient potential stability was obtained in a broad concentration
range of various salt solutions. Long-term potential stability was significantly
improved with inkjet-printed silver electrical contacts. The electroanalytical
performance of inkjet-printed electrodes was successfully demonstrated in po-
tentiometric and amperometric systems.

all-solid-state reference electrode, flexible electrodes, inkjet-printed electrodes, intense pulsed

polymer-based membranes [5, 14]. This has resulted in a
myriad of reference membranes based on a multitude of
polymers and doping ions [15-19].

High throughput, cost-effective fabrication of sensing
components is critical for the commercial viability of de-
centralized chemical sensing and biosensing [20]. Inkjet
printing (IJP) has emerged as a powerful technology; it is
digitally controlled, mask-less and non-contact, fast, low-
cost, environmentally viable, and suitable for upscaling
[21,22]. Hence, 1JP has already been employed in the
production of (flexible) miniaturized electrochemical
systems [23-26]. However, these works usually employ
quasi-reference electrodes, i.e. a layer of chemically or
electrochemically formed silver chloride. The exact con-
centration of the silver chloride on the surface of such
electrodes is never known with confidence, thus the po-
tential of a quasi-reference electrode is likely to fluctuate
due to the silver chloride dissolution [27-29].

Single junction-like solid-state reference electrodes
are enabled by depositing a protective polymer-based
membrane-within which a high CI” concentration is
confined-over the AgCl layer. Inkjet printing has already

Electroanalysis. 2024;36:202300368.
https://doi.org/10.1002/elan.202300368
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been employed in the development of such electrodes.
Girault’s group inkjet printed silver-ink electrodes on
poly(ethylene terephthalate) (PET) substrates [30]. AgCl
was formed by drop-casting a hypochlorite solution. A
reference membrane was formulated by mixing KCI and
tetradodecylammonium tetrakis(4-chlorophenyl)borate
in commercially available polyacrylate inkjet ink and
drop-cast onto the AgCl electrode.

Polyvinyl butyral (PVB) is an amphiphilic polymer
consisting of a hydrophobic main chain and hydrophilic
side chains [31], making it compatible with inorganic
materials [32], soluble in polar organic solvents, but not
in water [33], which is advantageous for its process-
ability. A promising concept for decentralized sensing
was given by Andrade’s group, who formulated a PVB-
based methanol solution with AgNO, and an excess of
NaCl [34]. Upon the sonication of the mixture, AgCl was
formed, and the membrane cocktail was exposed to a
light bulb for 10 minutes, upon which a partial reduction
of AgCl to Ag occurred. Variations of this approach us-
ing PVB have abundantly been used in the development
of low-cost, flexible, paper-based and wearable sensors
[35-38]. For example, Moya et.al. [39] have prepared a
printable CI™ saturated PVB-based membrane by diluting
a 10 wt% PVB in anhydrous methanol in the mixture of
xylene, diacetone alcohol, and butanol. The membrane
was deposited over a printed AgCl electrode.

In this work, we evaluate the use of a PVB-based Ag/
AgCl reference membrane, on flexible inkjet-printed
electrodes. Since the membrane contains the Ag/AgCl
system, it can be used on both silver and non-silver elec-
trodes and the chemical chlorination step of a silver elec-
trode can be omitted. We demonstrate this by coating
with the membrane both a glassy carbon (GC) electrode
and an inkjet-printed silver electrode and characterizing
these solid-state reference electrodes. Furthermore, the
partial photoreduction of AgCl in the membrane is for
the first time caused by an intense pulsed light (IPL) sys-
tem, which significantly reduces the reaction time, down
to microseconds. IPL is a non-laser, high-intensity white
light emitted from a xenon flash lamp. With processing
times on the order of microseconds to milliseconds, it is
highly compatible with inkjet printing and other high-
throughput printed electronics fabrication technologies
[40-42].

2 | EXPERIMENTAL
2.1 | Reagents

All chemicals used throughout this work were of ana-
lytical grade, commercially available and were used as

received. For the reference membrane preparation,
anhydrous methanol and NaCl were purchased from
Gram-Mol (Croatia), poly(vinyl butyral) (PVB) from Sig-
ma Aldrich, (USA), and AgNO, was obtained from Alka-
loid AD (North Macedonia).

Aqueous solutions for electrochemical character-
izations were prepared with distilled water or deionized
water (Millipore Milli-Q). CaCl,x6H,0, KCI and K,[Fe-
(CN)g|x3H,0 were supplied from Kemika, Croatia;
K;[Fe(CN),;] from Merck, Germany: NaCl and NaNO,
from Gram-Mol, Croatia. Universal buffer with pH in
the range 2-12 (with increments of 2 pH units) was pre-
pared by mixing HCl (30%, Merck, Germany), H,PO,
(85%, T.T.T., Croatia), citric acid monohydrate
(C¢HzO,xH,0) and NaOH from Gram-Mol, Croatia, and
H,BO, from Acros Organics, Czechia.

2.2 | Electrode preparation

The glassy carbon disc electrode (GC, A=0.283 cm?) was
polished with alumina of grain size 0.1 pm (Struers,
Denmark) and sonicated for 10 min in Elma Transsonic
T 460/H ultrasonic bath, Elma Schmidbauer GmbI,
Germany.

The electrical contact patterns, with the working
electrode area, A=0.283 cm® were designed in Corel-
DRAW Graphics Suite. Commercially available silver
nanoparticle ink (JS-B25HV, NovaCentrix, USA) was
inkjet printed on PET or polyimide (PI, Kapton, DuPont,
Wilmington, NC, USA, d=25 pm) using a custom-made
printer with a XP600 Epson print head. Subsequently,
the printed electrodes (PE) were photonically annealed:
PE were set 1 cm from the flash lamp (Xenon LH-912),
of a Xenon X-1100 (Wilmington, NC, USA) IPL system
and annealed with a single light pulse at 2500 V and
700 J.

2.3 | Reference membrane preparation
The reference membrane cocktail was prepared accord-
ing to [34]. Briefly, a solution containing 10 wt%
(395.5 mg) of PVB was formulated in 5 mL of methanol.
The solution was homogenized in an ultrasonic bath
(30 min, 50-60 Hz) and refrigerated at 5°C to prevent
solvent evaporation. Further on, 250 mg of NaCl and
250 mg of AgNO; were added to the previously prepared
PVB solution. Upon repeating the homogenization step,
a white suspension of AgCl is formed, with an excess of
NaCl crystals at the bottom of the vial.

The obtained suspension was quantitatively trans-
ferred to a petri dish and subjected to photonic
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annealing =~ 3 cm from the flash lamp of the IPL system.
The photoreduction was concluded with a single light
pulse of 100J and 2000 V. Higher energies were also
evaluated, but such reference membranes did not yield
electrodes with stable responses. UV-Vis spectra of the
reference membrane material were recorded on a Shi-
madzu UV-1280 spectrophotometer, after 400x dilution
with ethanol.

The photonically reduced membrane cocktail was
used right after the preparation: a total of 120 pL
(4%30 pL, with drying in between) of the reference mem-
brane cocktail was drop-cast on glassy carbon or inkjet-
printed electrodes. The prepared electrodes were de-
noted as GC-RM (photonically reduced membrane cock-
tail drop-cast over GC-electrode) and PE-RM (photoni-
cally reduced membrane cocktail drop-cast over inkjet
printed Ag-electrode). The entire fabrication process of
the PE-RM and GC-RM is shown in Figure 1. Upon
drop-casting the reference membrane (RM), the electro-
des were dried overnight in dark conditions and con-
ditioned in 3 M KCI for three hours before the electro-
chemical characterization.

2.4 | Electrode characterization

Dynamic potentiometric measurements were performed
at room temperature using MA 5740 pH meter (Iskra,
Slovenia) connected to a PC via a 4** digit program-
mable multimeter HM8012 (Hambeg GmbH, Germany).
All measurements were performed with the GC-RM or
PE-RM connected as a working electrode (WE) and a
commercial RE-5B Ag|AgCl|KCl (3M) with 0.2M
NaNO, bridge electrolyte, both from ProSense, The
Netherlands, as the reference electrode (RE).

The potential stability of prepared electrodes, GC-
RM and PE-RM was studied over eight hours in an un-
stirred 1072 M solution of KCl. Next, the electrodes’ re-
sponse was monitored in various solutions (KCI, NaCl,
CaCl, and NaNO,) of different concentrations (10°-
107> M). The influence of solution pH was tested in uni-
versal buffer having pH values 2-12.

Electrochemical impedance spectroscopy (EIS) was
performed using EG&G PAR Model 263 A Polarographic
Analyser (Princeton, NJ, USA) connected to a frequency
response detector (EG&G PAR Model 1025, Princeton,
NJ, USA). The experiment was concluded at room tem-
perature, in a three-electrode electrochemical cell filled
with 107' M KClI solution; with GC-RM or PE-RM as a
working electrode, Pt-electrode as a counter electrode
and a commercial RE. The excitation potential (Exc=
5mV) was swept from 100 kHz to 100 mHz, at Epc=
OCP.

FIGURE 1 The schematic representation of solid-state
reference electrode production.

Finally, the prepared electrodes were used as refer-
ence electrodes in two proof-of-concept experiments.
First, the calibrations of commercially available sodium
half-cell ion-selective electrode (DX223-NA, Mettler Tol-
edo, USA) were performed at room temperature in un-
stirred NaCl solutions in the concentration range 107°-
1072 M. Finally, cyclic voltammetry (CV) measurements
were performed using PalmSens4 potentiostat (Palm-
Sens, Houten, the Netherlands) coupled to a personal
computer. The CV measurements were performed in a
solution consisting of a redox couple K;[Fe(CN),]/K,[Fe-
(CN)] (10 mM) in 10 mM KCl as a supporting electro-
lyte.

3 | RESULTS AND DISCUSSION
3.1 |

Reference membrane preparation

For the reference membrane preparation, we followed
the procedure proposed by Guinovart et.al. [34], which

150



suggests reducing the white colloidal AgCl to Ag’ by
exposing the membrane cocktail to a light bulb for about
10 min. We replaced this last step with the intense
pulsed light (IPL) induced photoreduction. IPL is essen-
tially a photonic technique and has already been em-
ployed for the reduction of various oxides in developing
electrical circuits [43-46]. The growing interest in this
technique is favoured by its potential for “in-line” cou-
pling with the inkjet printing process, making it a prom-
ising economically viable mass-production protocol [47].
In this work, IPL was also used for photonic annealing
of the silver nanoparticle ink during the fabrication of
the silver 1JP.

As hypothesized, IPL can be used for photoreduction
of AgCl. Starting from low single-flash parameters (en-
ergies within hundreds of joules orders of magnitude),
the colour change of the initially white colloid mixture is
observed (Figure 2). At higher flashing energies, the mix-
ture is heated, and a darker paste is obtained, indicating
the formation and growth of silver nanoparticles
(AgNPs) [32,48]. AgNP formation is corroborated by
UV-Vis spectroscopy (Figure S1, Supporting In-
formation).

During the initial screening, the RM cocktails pre-
pared at three different IPL energies were drop cast on
the GC-electrode and characterised in terms of potential
stability against the change in CI” concentration by open
circuit potentiometry (OCP) measurements in a narrow
concentration range of 107*-107>M of KCI. At higher
IPL energies, higher slopes (>|8|mV/dec) were ob-
tained, which indicates instability of the electrodes and

increasing the energy intensity

FIGURE 2 Changes in membrane colour with increasing
intensity of IPL, demonstrating AgNP formation by IPL
photoreduction: (A) without processing; (B) U=2500 V, E=800 J;
(C) U=2500 V, E=14001J; (D) U=3000 V, E=1800 J; (E)
U=3000 V, E= 2000 J; (F) U=3000 V, E=2400 J, the samples
were treated with a single shot.
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pronounced response to chloride ions due to a high
degree of AgCl reduction to Ag’. At low IPL parameters
(100 7J, 2000 V) the membrane cocktail is expected to
consist of Ag—AgCl clusters in the PVB matrix. Mimick-
ing the traditional Ag|AgCl reference electrodes,
Ag—AgCl clusters are responsible for the non-polar-
izability of the electrode, while the high amount of chlo-
ride ions (from the excess of NaCl) in the membrane
provides a constant phase boundary potential [34,49].
Reference membrane cocktails treated with IPL at 100 J,
2000 V (which are white, Figure 1) were thus used in all
further experiments.

3.2 | Effect of conditioning time
Before potentiometric characterization, freshly prepared
GC-RM and PE-RM electrodes were first placed in 3 M
KClI and their potentiometric profile was tracked versus
a conventional reference electrode at open-circuit con-
ditions. As shown in Figure 3, upon initial contact with
the conditioning solution, both electrodes show a pro-
nounced potential drift which significantly reduces giv-
ing a stable value after around 40 min for a GC-RM and
after only 3 min for a PE-RM electrode.

The reference electrodes’ potential stabilization upon
conditioning was probed by electrochemical impedance
spectroscopy (EIS). The EIS measurements gave us
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FIGURE 3 The potentiometric profile of (A) GC-RM and (B)
PE-RM during three hours of conditioning in 3 M KCL
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useful insight into the surface changes on the RM-
electrolyte interface during conditioning. Within the
conditioning time, every 1 h the electrodes were switch-
ed to 107" M KCI and the EIS spectra were recorded
(Figure 4).

Prominent changes in membrane resistance during
the conditioning time are acquired in the case of GC-
RM (Figure 4A). The EIS spectra before conditioning
(blue dots) shows high impedance values, of 8.8 MQ. A
semi-circular impedance arc indicates a high charge
transfer resistance of the membrane [50]. Already within
the first hour, the impedance values show a dramatic de-
crease as the EIS response changes (Figure 4A, inset).

The Nyquist plot consists of a high-frequency small
semi-circle followed by a straight line at intermediate
and low frequencies. The high-frequency semi-circle, re-
lated to charge-transfer resistance, recedes during the
conditioning, indicating ion diffusion into the membrane
[51]. Concurrently, the slope of the low-frequency
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FIGURE 4 The impedance spectra of (A) GC-RM and (B)
PE-RM recorded in 10! M KCl during the three hours of
conditioning in 3 M KCL.

straight line increases with the duration of contact with
the electrolyte and approaches unity, characteristic of a
diffusion-controlled process. The depicted phenomena
follow the well-known insights on polymeric membranes
doped with ionic salts [30,34]. “Inactive” reference
membranes that do not contain ionic salts act as in-
sulators and are not affected by water uptake from the
sample [34,52]. Conversely, adding salts to the mem-
brane matrix is crucial to improving electrical contact
with the sample solution, since the added salts induce a
rapid uptake of a conditioning solution. Thereupon,
morphological changes as indicated by nanochannel for-
mation help to control the exchange of ions between the
membrane and the conditioning solution, generating the
electrical connection between the two phases [34,39,53].
As previously reported [34], changes on the molecular
level in the PVB matrix are indicated by a steep increase
in the intensity of the alcohol-stretching band due to the
water percolation into the salt-containing membrane.
High ionic activity in the membrane is favoured both by
a large amount of AgCl and NaCl in the membrane ma-
trix and PVB's intrinsically low glass transition temper-
ature (Tg) [53]. The longer the conditioning time, the
higher the rate of exchange of ions [54], as corroborated
by the increase in the slope of the diffusion line [51]. In
that way, the PVB matrix maintains the constant con-
centration of Cl™ ions at the reference membrane-sample
interface, while simultaneously acting as a bridge be-
tween the electrolyte taken in by the membrane and the
sample [34]. In doing so, as long as the Cl” ions are
within the polymeric membrane, the fabricated refer-
ence electrode resembles a single junction reference
electrode [39].

The low-frequency capacitance, calculated using
Equation (1), increased from 1.74 uF for the non-con-
ditioned to 44.92 uF for the conditioned electrode.

C = 1/ (27fmin| Zim|) (D

Where C/F is the capacitance, f;,/Hz is the mini-
mum frequency of the impedance measurement
(100 mHz), and | Z;,,| is the absolute value of the imagi-
nary component of the impedance at f,.

Regarding the PE-RM (Figure 4B), much lower im-
pedance values (on the order of k() were obtained even
within the first contact with the electrolyte. During the
conditioning, the EIS spectra are dominated by a straight
line, with a slope that increases with the contact time
with the electrolyte, indicating a high ionic mobility
within the membrane [55]. The low-frequency capaci-
tance, which is related to diffusion processes within the
membrane is 0.69 mF for PE-RM, as calculated using
Equation (1). Since the membrane composition is the
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same in case of both electrode types, the same
morphological changes governed by the nanochannel
formation are expected to occur. The double layer ca-
pacitance thus increases, capacitive reactance is reduced,
and the EIS spectra resemble those characteristic of a
diffusion-controlled electrode process. The initial im-
provement in overall electrical conductivity in the case
of PE-RM points to an improved electrical contact be-
tween the PVB-based reference membrane and inkjet-
printed Ag-electrode, compared to GC-electrode. Indeed,
SEM images of the Ag electrode (Figure S2, Supporting
Information) show a rough, coarse-grained structure of
the electrode surface indicating a larger microscopic sur-
face area than the smooth GC surface [56, 57].

3.3 | Potentiometric measurements
The key requirement of a reliable reference electrode is
to ensure proper potential stability regardless of the sam-
ple composition. Solid-state reference electrodes based
on the Ag—AgCl reference pair tend to suffer from the
interferences from chloride ions [27-29,39,49], hence a
rigorous mid-term stability test was concluded with GC-
RM and PE-RM by measuring drift in 10 mM KClI for
8 ho (Figure S3, Supporting Information). PE-RM re-
tains a stable response throughout the initial test, with a
drift value of —0.2464 mV/h. However, GC-RM exhibits
a significant potential drop after 2 h within the solution.
A leakage study [58] performed with the GC-RM dem-
onstrated that this is not due to NaCl leakage from the
membrane (Figure S4, Supporting Information). Instead,
this can be attributed to partial delamination of the ref-
erence membrane from the GC electrode surface. Adhe-
sion parameters between the RM and both electrode
types were calculated from contact angle measurements
(Table S1, Supporting Information). Although the calcu-
lated adhesion parameters (Table S2, Supporting In-
formation) show us that the electrodes have very similar
surface properties (and will in this respect have similar
adhesion with the RM), the printed Ag electrode has a
much rougher surface (FigureS2, Supporting In-
formation) indicating that the RM can adhere much
more strongly due to the interlocking with the Ag grains.
Due to the RM delamination from the GC electrode sur-
face, we conclude that the GC-RM configuration can be
used for only short periods of time after stabilization
(e.g. less than 1h), which can be sufficient for short
term and disposable electrochemical sensing. On the
other hand, the PE-RM response is stable for a much
longer time (more than 8 h).

Figure 5 depicts the results from the short-term sta-
bility tests that were concluded by measuring the OCP in
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several salts (KCl, NaCl, CaCl, and NaNO,) within the
concentration range 107°-107* M. For clarity purposes,
the plots are offset by 50 mV, so that the potential pro-
files do not overlap. The slopes are given in Table 1. In
all cases, the slope values were lower than 4 mV/dec,
which indicates that the electrodes’ response is not sig-
nificantly affected by the sample composition or concen-
tration. While the obtained values are not as good as
some reported in the literature [34], the significant mini-
mization of the photoreduction time with IPL (a total of
91 ps exposure) holds promise for quick large-scale fab-
rication of such reference electrodes.

The inter-electrode reproducibility of the printed
electrodes can be expressed as standard deviation of E°
and was found to be on average 3.9 mV, depending on
the electrolyte. Measured in three electrolytes (NaCl,
KCl, CaCl,), the stdev of E” for n=23 electrodes was in all
cases less than 5.63 mV.

Another important factor regarding the reference
electrode integrity is its insensitivity to pH fluctuations.
Hence, we tested the electrodes’ response in the pre-
pared citrate buffer solutions within the pH range from 2
to 12. As depicted in Figure 6, both configurations show
insignificant response fluctuations in the pH window
from 2 to 10, with the slope values close to zero; —0.33
and —1.02 mV/decade for GC-RM and PE-RM, re-
spectively.

3.4 | Electroanalytical performance of
the inkjet printed electrode

We next evaluated whether the proposed membrane
could ensure adequate potential stability to serve as a ref-
erence component of a potentiometric and voltammetric
system. First, the calibration of a commercial sodium ion-
selective electrode (Na-ISE) was performed, where the
GC-RM and PE-RM were used as the reference electrode.
Figure 7A shows the obtained calibration plot. A near-
Nernstian slope (55.57 mV/pNa) was obtained for GC-
RM and a Nernstian slope of 59.68 mV/pNa was obtained,

TABLE 1 Potentiometric characteristics for glassy carbon
disc-electrode (GC-RM) and printed silver electrode (PE-RM) with
PVB-based reference membrane.

Linear Linear Slope Slope
Aqueous region region (mV/logc) (mV/log c)
solution (GC-RM) (PE-RM) (GC-RM) (PE-RM)
KCl 2-6 2-6 1.23 1.65
CaCl, 2-6 2-6 1.84 2.57
NaNO, 2-6 2-6 315 2.98
NaCl 2-6 2-6 3.59 3.25
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FIGURE 5 The potentiometric response (E vs. t) for different
electrolytes over a broad concentration range. For clarity purposes,
plots are offset by 50 mV. (A, B) For GC-RM; and (C,D) for PE-
RM.

which demonstrates that both solid-state electrodes can
be used in potentiometric systems.

Cyclic voltammetry in 10 mM [Fe(CN),|*"*~ was per-
formed with a glassy carbon working electrode against a
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FIGURE 6 pH response of the two tested electrode
configurations in a universal pH buffer solution.
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FIGURE 7 (A) Potentiometric response of the commercial
Na-ISE against GC-RM and PE-RM; (B) The results of cyclic
voltammetry experiments in 10 mM [Fe(CN)J* "*".

commercial Ag|AgCl|KCl (3M) with 0.2M NaNO;
bridge electrolyte and against the PE-RM reference elec-
trode (Figure 7B). When using PE-RM as a reference, a
small parallel shift occurs, due to the potential difference
between PE-RM and the classic reference electrode of
92 mV [39]. The peak-to-peak separation potential (AE,)
was much higher compared to a theoretical value of
59.2 mV for a single electron process at 25°C, due to an
Ohmic drop between the working and reference elec-
trode caused by low electrolyte conductivity [59]. Re-
gardless of that, the difference in AE, between the two
measurements was less than 3% RSD. The peak current
values (I,) of the studied redox system are described by
the Randles-Sev¢ik equation which can be used to
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calculate the geometric surface area of the working
electrode (A) [59]. The geometric surface area was esti-
mated to differ by less than 7% RSD using the two refer-
ence electrodes.

4 | CONCLUSIONS

Presented here is the implementation of intense
pulsed light in the production of a reference mem-
brane for an all-solid-state reference electrode. The
prepared reference membrane is based on a Ag/AgCl
reference pair immobilized in a poly(vinyl butyral)
membrane, making it compatible with different elec-
trically conducting surfaces, including glassy carbon
and flexible inkjet-printed silver electrodes. The sur-
face changes on the reference membrane-electrolyte
interface during conditioning were evaluated using
electrochemical impedance spectroscopy, and favour-
able electrical contact between the RM and electrode
surface was observed with inkjet-printed Ag-electro-
des. This was confirmed by prolonged measurements
in KCl, where a glassy-carbon electrode modified with
the reference membrane started drifting after 2 h,
while the inkjet-printed electrode showed superior po-
tential stability, with a minor drift value of
—0.2464 mV over 8 h. Regardless of the electrically
conducting substrate, the electrodes have shown suffi-
cient potential stability in a broad concentration range
of various salt solutions (KCI, NaCl, CaCl, and
NaNQO,), with the potential varying less than 4 mV per
ten time increase of salt concentration. The electro-
chemical performances of inkjet-printed electrodes
were successfully evaluated in potentiometric and am-
perometric systems. The presented results support the
proposed protocol aimed towards lowering the elec-
trode production steps and enabling rapid mass pro-
duction of electrochemical sensor platforms.
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Fig. S1. UV/Vis spectra of reference membrane material (diluted 400x in ethanol) upon

different intensities of the IPL reduction.
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measurements, both electrodes were conditioned in 3 M KC1 for 3 hours.
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Leakage study

The leakage study was carried out using a Thermo Scientific ORION STAR A112 Thermo
conductometer and ORION 011050MD probe. The GC-RM was immersed in 100 ml of Mili-
Q water together with the probe in a system sealed with parafilm. Apart from the initial increase
in conductivity upon immersion (probably dissolution of surface NaCl), no significant changes

or trends were observed over 4 hours. We thus conclude that salt leakage from the membrane

is not significant.

6
5.5 *
S i 0008y
L] ... LT 7Y ° e ©®
L., [ ] [ ]
} 4.5 ..... L
;E’ 4
‘g- 35
= 3 -
b
25
2 4
15 - - |
0 50 100 150 200
t/ min

250

Fig. S4. Leakage study of the GC electrode: Conductivity of 100 mL of distilled water with

immersed GC-RM over 4 hours.
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Surface characterization

Surface investigations were carried out with a DataPhysics OCA 20 goniometer by measuring
contact angles with three test liquids (water, formamide and diiodomethane) with known
surface energy values [1]. Contact angle measurements are a valid method for determining the
surface energy of solid materials [2]. For the contact angle measurements, sessile drops (2 pL)
of test liquids were used: deionized water (4= 1.33 uL cm™); formamide (p.a. 99.5 %, Fluka)
and diiodomethane (p.a. 99 %, Aldrich), at 23 °C. The contact angle was determined 1 s after
application of the drops. To ensure the reproducibility of the measurement data, average values
were taken from at least three drops on different parts of the sample.

The surface energies of the RM and the two electrodes were calculated from the contact angle
data using the Owens-Wendt method [3] (Equation 1), as well as interfacial surface energy

(Equation 2), work of adhesion (Equation 3), coefficient of wetting (Equation 4):

Yap (1+cos®) = (vays)"? + (Rvg)? (1)
Wag =va+V¥B —VaB 3)

Sae =VYa— Ve —VYa 4

d P d
where 7 is the dispersive and 7 the polar component of the surface free energy (7= 4

P
+7 ); 7a and i are the surface free energies of the two components, and &1s the contact

angle.
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Table S1. Surface free energy calculated by the Owens-Wendt model

q(® OW (mJ m™)

Water  Formamide DIM g g &

PVB 83.1+13 70280 544+£65 327 285 4.2
RM 708+19 63.6+x48 490+45 385 298 8.8
GCelectrode 78304 57.7+19 436+15 402 357 45

Agelectrode 832+15 596+11 313+49 429 410 2.0

The results of determined total surface free energy () as well as the dispersive and polar
components of studied surfaces are shown in Table 1. Equations (2) to (4) were used to
calculate the adhesion parameters (Table 2). The calculated adhesion parameters show us that
the electrode surfaces have very similar material properties and in this respect will have a

similar adhesion with the RM.

Table S2. Adhesion parameters of RM and two electrodes

£AB Wags SaB

AB (mIm?) (mIm? (mJm?)

Ag/RM 33 78.2 1.1

GC/RM 1.0 77.8 0.7
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