Faculty of Chemical Engineering and Technology

Sara Krivalil

SCALABLE CONTACTLESS FABRICATION
OF POTENTIOMETRIC CHEMICAL SENSORS

DOCTORAL THESIS

Zagreb, 2025









Faculty of Chemical Engineering and Technology

Sara Krivalil

SCALABLE CONTACTLESS
FABRICATION OF POTENTIOMETRIC
CHEMICAL SENSORS

DOCTORAL DISSERTATION

Mentor:
Assoc. Prof. Petar Kassal, PhD

Zagreb, 2025






Fakultet kemijskog ingenjerst

Sara Krivalil

BESKONTAKTNA [ZRADA
POTENCIOMETRIJSKIH KEMIJSKIH
SENZORA U VELIKIM RAZMJERIMA

DOKTORSKI RAD

Mentor:
lzv. prof. dr. sc. Petar Kassal

Zagreb, 2025






Bibliographic page



Supervisor information



Odluka o prihvalanju teme



zahvale



L HIrzz

Hrvatska zaklada
Za znanost

This research was conducted as a part afistallatonr e sear ch project ent it
sintering for inkjet printed electrochemical
(PrintEChemSendundedby the Croatian Science Foundatiander the supervision of

Associate Professor Petar Kassal, PhD.

Ovw i stragivanj e ugpostawnejdsetnroa gjiev aklakoo gdipor oj ekt a
AFotonsko sinteriranje inkjet ispisanih el ek
podl o gPamEChRem$enkojijefinanciralaHrvatska zaklada za znanost, pod

vodstvom izv. prof. dr. sc. Petra Kassala












ABSTRACT

SCALABLE CONTACTLESS FABRICATION OF POTENTIOMETRIC
CHEMICAL SENSORS

Sarak i val il

University of Zagreb Faculty of Cheiral Engineering and Technology
TrgMarkaMar ul i fa 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 catiss printing methods. Among these, inkjet
printing and automated dispensing offer scalable;waste production, though technical
challenges remain. In this research an ingjitable conductive ink based on melamine
intercalated graphene nanosheets developed and used to fabricate ammorsalactive
electrodesTo improveion-selectivemembrane deposition, automated dispensing was used
with optimized membrane formulationSolid-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 prted potentiometric sensors.

Keywords: potentiometric sensors, solintact iorselective electrode, solicbntact
reference electrode, inkjet printing, automated dispensing.






Progireni sagetak

El ektrokemijski senzor i okenmiskw interdkejy ma k oj i
el ektrodi u anal i tMellkui nkpaontisesmsue o mmef torrimascki ij us e
jednostavnogliu izvedbe. Pot enci(onsedaktiviej ska | e

i referentne elektrode koje s voltmetrom visolk@&zne impedancije zatvaraju strujni krug.

Posl jednjih nekol i ko desetl jela mi nijatu
protokola dobiva velik znal aj, a potenci ome
pl atforme za kIl i Kljluhelnai odkaliil gn e og ma lsiuz ed.mo g u

i razvoj modernihpotenciometrijskin senzora jesu (Zamjenaion-selektivnih stakala s
polimernimions el ekti vni m membranama temeljenim na |
te (2) zamjena kapljevitog pretvoi k a s | vr s tlednmek lazvajni anker o m.
karakterizira i referentne elektrodE.ak o j e ostvareemz @edaghiaj ¢ zyve
proizvodne tehnikeit vr Lene u pr oi z vMedinujtii mt, i spkoaknai zha | pl os|
one prespore,nekompatibilnes fleksibilnim podlogamate gener i raju velike
gt e btpaday

Moderne tehnologije proizvodnje elektrokemijskih senZos#otisak teinjketispis
i prikladnesuza proi zvodnju plognih elektroda na f
pr o g iobim jpemjene modernih elektrokemijskih senzor&@itotisak je trenutno
dominantna&komercijalnaproizvodna tehnologija Me L ut i m, kontaktna pri
potreba za gabl onama, ni ska rezolucija te ve

za nanovije zahtjeve elektrokemijskih senzora.

Inkjetispisi j og uvi jek istragivalka tehnologi]j
senzorai javlja se kao alternativa sitotisku. To je u potpunosti digitalna, beskontaktna,
visoko precizna tehnologija, koja selekio i prema potrebi deponira pikolitarske kapljice
vodljive tintena r azne, | e st o Takoljedstsarebai visoka prepianast io g e
ni ska kolilina otpada, gto ju |ini i deal nom

Me Lut i m, ajuneamzvguwstabilmhsvodljivih tinkompatibilnih s inkjet ispisom te



osiguravanju dimeng podlgge pdrinteeeseyaalnejnaknadne obrade

ciljem formiranja elektril|lnih vodova, odnosn

Ova diseracija stoga ima za cilpdgovoriti na takve izazove u izradi ionsko
selektivnih [ referentnih e | e kkjet ispisa za s |l vr s
kontrolirano nanogenje elektril nindetisp®@dova I
polimernih ions el ekt i vni h mebeprethodaog radikaoog urhanjivanja
masenog wudjela |vrstih komponenata membr ans.|

nanogenje membr ansekkirgde Kk okt el a na plogne

Razvijena je vodljiva tintaemeljena na grafenu (MGN#&elaminom interkalinae
grafensle nanglahte)za potenciometrijske senzopeoizvedendnkjet ispisom Grafen je
odabran zbog svoje visoke vodljivosti, hidro
|l vrstom kont akt u kwdenog slgaMENSIsiatetizirpaps us texkal amjk e
prihvatl jivim mehanokemi | s ki mTiparaiekm@tishi®r i gt en

formuliranaje u zelenoj smjesi otapalatanol, voda, etilen glikol) te je pokazala prikladna

svojstvaza inkjet ispisTi nta j e uspjegno ispisana na fl el
obralena kombinacijom toplinskog tret mana
svjietlogiu (1 PL). | z mispsand nzraka®6 26T eck/t| riimen aj ev o

pot vr L e rpakladngsiza izrada fleksibilnih senzora.

Razvijena je grafenska tintaa d a |l j e z&iosrpiigst elnvar st og kont ak-
planarnihamonifselektivnih elektroda (STSE). Srebrni kontakti i MGNS slagpisan su
na pol ii mid, pot om itte rmuodificidani amonifsele®ivtnomo b r a Ll e n
membranomUv oL enj e MGNS sotpar plektrodesnanj 81 oMgena 4, 30
poboljgavajuli prijenos naboja. d&f ddnjur ode s
granicu detekcij e 25, 1 emaWNH4i. | svpistokru jsee | ekt
prepol ari zacij e n &dlakonpremlgreatijgea nmagtean @ijgpaoltae.n c i
smanjepsi0O, 39 na 0,10 mV h T, a ili0ne&addnjuu zr aspo
granicu detekcij@d , 8 8 M&EMNS s | o z n ad zag nnoog ejng e szbpgortjein ci |

vodenog sloja (s 16 na 0,22 mV h 1) [ osi gu



procjedne vodeizmjerena je koncentracija amonijevih iona u skladuegerentnom

metodom.

Vagan dio i stragivanja bila je opti mi za
automati ziranu proizvodnju potenciometrijski
optimiran je omjer otapala tetrahidrofuran (THF) i cikloheksanon (CH) radi stabilnog
nanoge mp Earaporskogrobota. Analiza topografije boje pokazala je da jednaki
vol umni omj er ( THF: CH = 1:1) dapPeainarnjugmdn
impedancijskih profila u stvarnomvremenu | ek om sugenj a ugolrilmeiron e
je da se THEmemlr ana sugi zvee mbT amian,zaCR3 min, a mj
min,azavrgnom i mpedancijom oko 5,6 Mq. Ti me |
omoguluje brge i Kdijevaselekivna membrana{K8KEenj er alena
omjeru THF.CH = 1:1 auo mat s ki j e nanesena na el ektrode
stabilan odziv u kIl inf doksuuva slgassmanjiastardardnc e nt r a
devijacijuE°’na N4, 0 mV dec 7. Cijeli proces izrade

0 mo g u Irzu jpeuzdanu automatiziranu proizvodnju senzora.

Razvijena je planarnareferentm elektroch s | vrstim k-BE)t akt om
kompatibilra s iz r ankjet ispisanim senzorima. Unutarmembranskematrice
temeljene na poli(vinil butiralu) (PVBjormiran je AgA g CI p a r fotqrenlukajd u
intenzivnan pu | s i r @y jué tqIRlD).glPLufotoredukcija traje9 1 Os, ¢§gto zna
pojednostavljuje izradu SRE elektroda. Optimalna energija IPL impulsa bila je 100 J pri
2000 VvV, | i me se TAPGIt i galwen mekeageendg staaranjagAg
nand e s.tPiradgreml jene membrane naneRMnokiesu na s
ispisanusrebrnu elektrodu (RRM). PERM j e pokazala brgu stabild.i
mi n) i manju i mpedancijulnigt bomntkaktuj ez mal ubc
ti skane pRMelekrodeekazalBun i sko zanogd0) @5piajVe hci j a
dobru ponB«wbmV)isabilanofzim ¢gi rokom rasid@®nu i ona
testovima s komercijalnim senzorima i redddsstavom[Fe(CN)]*’#, PERM su dale
rezul tate usporedive S komercijalnim refer

pouzdanost i primjenjivost u elektrokemijskim mjerenjima.



U skl opu ovog i st rskalgbilan,a ispjaiv pristapz zradi € n j e
potenciometrij s ki mkjetsispisazbolreak t k o rl ikimta eendpalin i v a
grafenskih nanglahta optimizirana jes naglaskom na primjenu ek:¢
sintetskih postupakast @abialpmoésat uziumafdnonh| emosd
fleksibilna amonijs el ekt i vna el ek prijenodom naboja p snamgdmj] gani m
ul i nk@eadmenog sl oj a, posti guli visoku tolnost
i automatizirana metoda a n 0 g e fsglektivne membranedo s i gur al i s u uj ed
ionskos el ekt i vne me mb r a n Eotokemijski rpdpremljens AgiAg@lj e m
referentna membrana osigurala stabilne potencijale na svim podlogama. Ovi napredci
potvrLuju izvedi violgetispgameppahdbor méegnani maee enj e

put brzoj proizvodnji i integracijimmi kr of li uinaisli ke ur el aj e.

K1 j ul n:eotenciojetriiski senzori, ionskoe |l ekt i vna el ektroda s |
referentna el ekt r od aispis, automatiarano dozifengent akt om, i n
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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
popuation of nonexperts.Further ongextensively used smart technologies are driving the
demand for adaptable tools capable of-teaé, onsite monitoring and quantification of
chemical speciedVith this, the idea of decentralisation of analytical lalmies has been
proposed and further validated by growing environmental concerns that urged tracking

ecologically relevant species.

Chemical informationi e.g. concentration can be investigated using chemical
sensors. It originates from a specific intéi@t between the species of interestn analyte
I with a recognition element (receptor). A receptor is in direct spatial contact with a
transducer that converts the energy carrying the sample chemical informatiarug®ful
analytical signal. The clasgication of chemical sensors is based on the operating principle
of the transducefl]. Relying on spontaneous electrochemical interactions between an
analyte and a transducer, potentiometric electrochemical sensors are specifically interesting
due to tleir operational simplicity, as they require only two electrodes and a voltmeter. In
such a configuration, the open circuit potential of a semsdicatorelectrode) is measured

against a reference electrode.

Potentiometry has been routinely usednanyareas, including clinical, biomedical
[2], environmental3, 4] and industrial analysei®], for almost fifty years. During that
time, two key advances brought up to coining the idea of -4praskiction and
miniaturisation of potentiometric sensing systemisbstituting iorselective glasses with
receptor (ionophore) containing liquid polymeric membranes and the discovery and
development of solianaterial transducers. Compared to liquid counterparts,-sohthact
transducers enabled planar layered eleetrodnfiguration that consists of an electrical

lead, transducer and an tselective membrane. Techniques established in circuit boards



manufacturing were adopted at first, however, these were proven to be too slow, compatible
with only a few substratesnd generated large amounts of toxic wé6te

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 inkjeinfing, were implemented. Comparing the two
techniques, digitahon-contactinkjet printing deposits materian demand, gives higher
resolutions, and does not require masks or templates. Thus, inkjet printing is highly
desirable when the material to bepdsited is expensive or limited, and when the substrate
material is stress sensitive. It is highly adaptable for research and development of novel
functional ink formulationg7]. Functional ink development still presents a challemtige:

i nkods propgrdes should be tailored to enable unique droplet generation and
sufficient adhesion to the substrate. Rastduction processing should be considered too,

as it helps in restoring the electrical conductivity of the printed patf@fn¥ery similar b

inkjet printing, automated fluid dispensing relies on presduren 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, te aim of thisdissertationis to resolvechallenges associated
with the production of solidontact iorselective and reference electrodes using contactless
deposition technigues, namely inkjet printing and automated dispensing. To achieve this,
we first developed an inkjet printable, electrdgatonductive ink based on melamine
intercalated grapheneanosheetsMGNS). 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 \@rmints andpostprint processing
conditions needed for achieving electrically conductive inkjet printed patterns. Next,
ammoniumselective electrodes were fabricated by printing silver nanoparticle ink as
electrical leadsMGNS ink as solidcontact mateal, and dropcasting the polymeric
membrane. By doing so, we examined the possibility of using/MB&IS ink as a solid
contact layer in ammoniwselective electrodes and evaluated the analytical performance

of the developed electrodes.



It is well known that inkjet printing of the iorselective membrane is extremely
challenging. To establish means of reproducible membrane deposition in the fewest steps
possible, we have optimised iselective membrane composition for contactless
deposition, without chamgg the membrane solute content. The membrane was dispensed
onto screeyprinted 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 potentiometrrcuit, 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 adlébtode
response was rigorously tested using different electroanalytical techniques.

The presented research was concluded to test the following hypotheses:

1. Improved analytical performance of i@elective electrodes can be achieved
using carbon nanomatels as solid contacts in inkjet printing.

2. Optimizing the iomrselective membrane allows for contactless automated
deposition and satisfactory performance.

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

stable potential aoss 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 selbntained device that gives information on the
concentration of a specific sample component within gesy®f interest. The information
is an analytically useful signal delivered from a series of interactions: an analyte
specifically interacts with a recognition element (receptor) confined in direct proximity to a
transduction element. The transducer cotsvéire 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: miical, 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
stimulatel electrically or may result from a spontaneous interaction at thecaement
condition[1].

Operating at zergurrent conditions, potentiometric electrochemical sensors are
galvanic cells containing an ieselective electroddE) and a reference eleote (RE),
Figure 1.The two electrodes are connected to a {imgpedance milivoltmeter that ensures
zeracurrent measurements. During a potentiometric measurement, a magnitude of potential
difference between the two electrodes is measured as a functioan odnalyte
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 pbensitive glasses. Albugh pH meters based on thin glass
bulb electrodes were commercialised in the 198Dsthe renaissance of potentiometry is
closely related to the discovery of #amding properties of antibiotics valinomycin and
nonactin in 1965 by Berton C. Pressni&h This discovery was followed by extensive



research and synthesis of an abundance of ionophores, resulting in receptors for more than
a hundred ionic speciefl0]. The research and commercialisation of potentiometric
analysers are closely related to wal 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

settingg11].

ION-SELECTIVE REFERENCE
ELECTRODE ELECTRODE

— -

SAMPLE

Figurel. Schematic diagram of an electrochemical cell for potentiometric measurements

2.1.1. Conventional iorselective electrode design

The response mechanism ofisre | ect i ve el ectrodes -stems f
selective membrane composition. Modern-gmhedive electrodes consist of three key

functional parts: iorselective membrane, transducer and electrical lead.

lon-selective membrane

The onselective membran@dSM) is a lipophilic matrix that holds together the
components responsible for a weaéfined potentiometric response: an ionophore and a
lipophilic ion-exchangef12]. Historically, different kinds of iorselective membranes have
been used. Cremer 6s discovery that the poten

the solution propelled theystematic 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 selectivji8 The earliest examples

of polymericmembranes with mobile ionic sites were prepared as ionophore solutions in
nonvolatile and viscous organic water immiscible solvents infused into porous support,

such as filter paper or glass f1#4].

The electrodesd mec haryiingpeoved aftér antraddcingt y wa's
polymers as iorselective membrane matrices. The ideal polymer provides a rubberlike
homogeneous medium in which membrane components can move freely, as they do in a
waterimmiscible solvent[12]. During the last fifty yearssilicon rubber, photocured
polymers of acrylic or urethane nature, and acrylic siloxane polymers have bedh5)sed
However, plasticised poly(vinyl chloridePYC) remained historically the most relevant

and still most widely used.2, 14]

Typically, lvent polymeric membranes contain aboutv@3% of PVC and 66
wt.% of plasticiser. Plasticisers are nrwalatile organic liquids with relatively small
molecules that when mixed with polymerseparatepolymer chains and lower the
pol ymer so6 olteampesatureé Tg)abelewi roamotemperatureBy 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 resisfa6geMosty used
PVC membrane plasticisers are bigthylhexyl sebacatgDOS) and o-nitrophenyl octyl
ether 6-NPOBE.



(a) (b)

Figure 2.Chemical structure of (a) valinomycin {konophore) and

(b) nonactin (NH" ionophore).

Lipophilic ionophores and ion exchangers aexjuired to obtain a reliable
potentiometric response. Both are used in relatively small amount$ 3ofwi.%. An
i onophore is basically a poteniitselaitelyi c el e
bindsionswithint he membr ane. | dlnctispifclade aelkyb chams thdt d i n g
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 nieame matri14]. Among the first and still
widely used ionophores wetBoseof macrocyclic structure; valinomycin (high selectivity
to K* ions) and nonactine (high selectivity to Nkons) (Figure 3.

lonophores are key componefits a c hi evi ng sensorsdé high se
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 constantp,.. The strager the interaction with the primary ion, the more

selective the electrode will be for{it7].

Most ionophores used in modern iselective electrodes are electrically neutral
molecules in their uncomplexated form. As such, they do not render thexabanging
properties needed for proper isgelective 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 saltsdhatthe 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 cat@ecive membrane may contain the
ionophore and alkali metal salt of tetraphenylborate (JPBtrakisp-chlorophenyl]borate
(TpCIPB) or tetrakis[3,5bis(trifluoromethyl)phenyl]borate (TFPB with structures
shown in Figure 3. Anion-selective membranes may eb doped with
tridodecylmethylammonium (TDMA chloride as aniomxchanger in addition to the
ionophorg18].

Cl

F4sC CF;
Q FaC \Q CF‘
@‘H"MBQ - : @"'rlll-.a@C[ ) @ ""'“B-Q K
@ " /@ "
FiC CF;

(@) (b) (©)

Figure 3.Chemical structure of alkali metal salt of (a) tetraphenylborate ()TPB
(b) tetrakisp-chlorophenyl]borate (TpCIPBand
(c) tetrakis[3,5bis(trifluoromethyl)phenyl]borate (TFPRB

Conventional (inner filling) transducer

Conventional iorselective electrodes are relatively robust, consisting of a tubular
body made from chemically and mechanically resistant polymer, withlyanpoc ion
selective membrane fixed at the end of the body with suitable glue or clamping. In this
electrode configuration, the ieselective membrane is actually a separator between the
sample and the inner filling solution. For a stable potentiometspanse, the potential
difference between the ieselective 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 whi¢heelectrode 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
refererte electrode, mostly an Ag/AgCl electrode. This is a secodéer metallic
electrode, where ioto-electron transduction is based on the following reversible redox

reaction:

I C#1 Q1 C #1 (2)
The internal reference electrode requires a defaidoride concentration to give a
stable potential. This is achieved owing to the low solubility of the silver salt and by

ensuring a constant concentration df iBhs within the inner fillind186].

2.1.2. Conventional reference electrode design

A stablereference 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 regafdless
sample composition, it should only show minimal temperature dependence without any
hysteresis, it should obey the Nernst equation concerning species comprised within the

reference haitell, and it should be robust to poisoning by chemical spgt8is

Reference electrodes are typically metallic electrodes of the secdeglthat is, a
metal in contact with its lovgoluble salt, immersed in a solution containing the anion
forming that salt. Both the electrode and internal reference solution ratere 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 mb! @1 solution is
probably the most frequently used in modern electdiogna i ¢ a | pr doxit, i c e ;
simple to construct and maintain, and easy to miniat{23fe In cases where the reference
electrolyte is chemically incompatible with the sample or may result in contamination, an

intermediate salt bridge is placed beem 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 y§at$. 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 zerecurrent 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 ieselective membranand 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 pactice, lithium acetate is preferred as Bhd OA¢ have very similar
mobilities, suggesting the smallest liquid junction potenii),the potential difference
generated at the phase boundary ofréference electrode intermediate salt bridge and

the sample solution. The measured electromotive foEldH between the two cell

terminals is the sum of all phase boundary potentials across the cell:
[OJVINO) O O O O O O O o©° (2)
Due to the electrodesd ®©OownG are sammpleiindependeptot ent i
and thus constant. The measured EMF can be described as:
OOO0O0 45 O © 3)

whereO is the liquid junction potential an® is the membrane potentialO should be

kept as small as possible. Then, the amyaining phaséoundary potential that is not

included in the constant term is the membrane potential:
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Ob00 4 © (4)

In conventional electrode design, the ISM is fixed between the inner reference
electrolyte and the sample. Thi@, arises fom the phase boundary potential between the
inner solution and thenembrane © ), the diffusion within the membran®() and he

phase boundary potential between the membrane and the s@mpje (
O © O O - (5)

O canbe 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 |9Ehds only

on the phase boundary potential between the membrane and the sampleCthat @3: -

[12, 14, 22] These assumptions provide the foundation for the thermodynamical
considerations for the electrochemical potential at both the aqueous (sangle)jganic

(ISM) phase:

AN * AN YY®AN a0%AN (6)

“TOC* TOCYYWIT OCa 0% OC (7)

Where' is the chemical potential ( under standard conditions), is the charge the

activity of the uncomplexed io)) %.is the electrical potentialy, "Y "Oare theuniversal gas
constant, the absolute temperature and the Faraday constant. Assuming that ion transfer is
fast and reversible and that the organic agdeaus phases are immiscible, the phase
boundary potendil for the condition of electrochemical equilibrium between dhganic

and a@ueous phases can be expressed as:

e

0 Y%o

(8)

‘TOQ‘AN‘W¥@A
a0 a0 Ol OC

€
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After combining the standard chemical potentials into thepantition constantelated to

the free energy of the primary ot

. - AN * T O¢C
Q0 Aob 9
@ v 9)
o Y"\I( - Y\I( & AN (10)
a0 a0 wl" I ocC
o o Y"\I( W AN (11)
@G0 wl OC
COMOY'Y . AN (12)
@) - | -6—
aO wl OC

O is the standard potential that depends on the solvation energies of thaitre two
phases. The Nernstian response to itre) in the sample phase, that is, the optimal
selectivity, can only be obtained if the teéini O @ constant. Therthe termé 1 O €an
be included with all other sampiedependent potential contribution® {, giving the

simplified Nernst equation:

oY’y ... . .
o o Lo {jicAR (13)

The sample solution always contains both primary ions and their counter ions.
Then, both primary ions (e.g. cations) and their counter ions (e.g. anions) will diffuse into
neutral ionophoreloped ISM due to the electroneutrality conditi@electivity towards
cations(permselectivity) can be obtained by doping a membraneanithophilic 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 tetraalkylammoniura eationic sitd22].
Typically, the amount of ioexchanger i$0 mol% of the ionophore, assuring the excess of
the free ionophore in the ISM for the analyte bindi2gj.
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Even though both ioselective and reference electrodes with liquid reservoirs are
quite robust and easy to make, the accepted setup comes witlegiaible disadvantages.
Due to the sensitivity of the inner filling solution to evaporation and leakage, they lack
from restrictedtemperature and pressure usage. Furthermore, as thesimmgth of the
sample and internal reference solution differentiates, the developed osmotic pressure results
in net water transport into or out of the reference soly@dh Thus, the reference solution
should be frequently checked and replacedich is standard laboratory practic®n the
other hand, toachieve truly miniaturisable sensors that can be integrated into various
architectures, often unattainable to the conventisnal n ssetupsth@ liquid reservoiis
replaced with a solidtate countgpart In this way, sensor miniaturisation isao 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 solidcontact ionselectiveelectrodes (SASE) 1 presented in 1970 by
Hirata and Datg25] and followed by Cattrali is well-known in the electroanalytical
community as a coatedire electrode (CWE)The first CWE was obtained by directly
coating a Rtvire with a polymeric calciurselective membran@6]. Despite the simplicity
and affordabilitythe CWE did not stay in use, as the electrode suffered from poor potential
stability due to the 6éblockedd interface bet
and the purely ionic conductor (ISM). iShinterface 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 layat the metal | ISM interfad@4].

Solid-contact electrode configuration presents the last step in modeselective
(and reference) electrode development:ISEs are obtained by placing an adequate solid
material in direct spatial contact with arerode material on one side and anseifective

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 rggonse. Thus, a stable potential of-EBE stems fronf27]:

1) Stable and reversible transition from ionic to electronic conductivity
2) ldeally nonpolarizable interfaces with high exchange current densities

3) Absence of side reactions parallel to the main eldetreaction.

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 substiaterface, the conversn of the charge carrier
from ions to electrons must occur. The wadifined ionto-electron transduction processes
of SGISEs are related to the presence of reslodtoublelayer capacitance at tf&C | ISM
interface, which is determined by the inhereharacteristics of solidontact functional

materials acting as ieto-electron transducers.

Conductive polymers (CP) were the first materials to be introduced as the solid
transducer in the early 199[%8] and were later followed by nanostructured matefiz9.
The last three decades of ISE development were marked by the introduction of many other
functional materials classes, including metal nanomatg@8als molecular redox couples
[31], and metabrganic framework$32]. The transduction mechanism and response ef SC
ISEs is explained by two key mechanisms: 1. high redox capacitance and 2. high double
layer capacitancdyoth schematically presentedFigure 4.
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Figure 4. Schematiepresentation of a transduction mechanism of a-solidact ion

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

2.3.1. High redox capacitance solid contact

Analogous to the signal transduction of classicalgelecive electrodes with a
liquid reservoir, high redox capacitarbased iorto-electron transduction involves the
reversible redox reaction between the oxidisamgl reducing specie#s illustrated in
Figure 4(a),the response relies on the phase boundatgngtal model. At the ISM |

solution interface the primary ioh binds to an electrically neutral ionophore, L:
) . ) (14)

The interfacial potential at this phase bounda¥y () is determined by the charge
separation between the ISM and sample, which is related to the primary ion activity,
according to equation (13At the second phase boundaryhe SC| ISM interfacei o

arises due to the distribution dfdnd lipophilicion-exchanger (R. I and R can partition

both into and from the SC causing a local redox reaction within tHel$(016)][24]:

401 ) Az#o ) (15)

#02 Az#o 2 (16)
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where CP denotes the conductive polymérijsithe doping ion of the CP' is the analyte
cation, and Rthe hydrophobic counter ion (ieexchanger)Consequently, the interfacial
potential at the SC | electronic conductor interfaée () arises due to the electron flow
to/from the electrically conductive substrate, enabling the electrical potential difference to
be measured by the equipmga8]. It is assumedhat bothYs andYe are constant

values and are actually included in teemO 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 relatdo the SC capacitance:

s e YO Q (17)
6

For a given constarglectrical current'Qthere will be a change in the electrode
potential with time. As the currefiow through a potentiometric cell is infinitesimally
small, the potential drift falls as the capacitantencreases, buffering the potential drifts

due to Obl csRK¥.edd i nterface

Historically most important representatives are condggtiolymers. Polypyrrole,
poly(3-octylthipohene), polyaniline, and poly(3gdhylenedioxythiophenefPEDOT) are
most often used as S@aterials[21]. Their properties can be relatively eadéylored by

doping and functionalization. For exampl e, P
al kanoate side chain, which significantly i
reducing the possibility of watdayer formation and increasingtBee ns or s @84].1 i f et i m

However, conductigp ol ymer s6 redox activity can cause
polyaniline is welk nown for i tsd pH sensitivity and it

with H" and OH permeable membran§4].

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 smattsu
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are passing were investigated. Lipophilic re@dative sefassembled monolayers (SAMS)

as transducers wer e i [B5.rimnpinciple $AMbased Pedoxt s c ho s
mediators adhere strongly to the Au electrode throstgbng Aui S bonds, faning a

compact lipophilic layer that supports ISM deposition and simultaneously enables signal
transduction via their redeactive terminal groups Terminating groupssuch as
tetrathiafulvalene[36] and ferrocene[37] have been shown to significantly inope
sensorso6 response st abi lwhithydo noAtequeghenAHt i ve r e
el ectrode surface have been s t-IHE basedl .on B¢ h | ma
tetrakis(pentafluorophenyl)borate (TPFPBsalts of cobalt(ll)tris(1,1phenanthroling
([Co(phen)]*") and cobalt(lll)tris(1,1@henanthroline) ([Co(phes§") [38]. These highly

lipophilic salts were directly mixed into a solvent P¥@sed iorselective membrane that

was dropcast onto various electrode supports, giving electrodes ofpeecal E°
reproducibility. Michalska et al. showcased thatombination ofwo different compounds

containing metal ions in different oxidation statespalt(ll) porphyrinand cobalt(lll)

corrole can effectively stabilize the redox potentiat thebackside of the ISMassuring

high reproducibility of recorded potentials in 81§89, 40]conductive nanomaterials

2.3.2. High doublelayer capacitance solid contact

For transducers that do not rely on the reversible redox reaction, the signal
conversion stemsrdm charging and discharging phenomena at S| 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
accumulateon the other plane (SChhis is schematically illustrated Figure 4(b). Again
based on the phase boundary potential model, the potential change at the ISM | solution
interface ¥+ ) stems from the partitioning of iofl between the tw@hases (equath
(14)), and is described by equation (13). The interfacial potential at the asymmetric
capacitor ¥ ) develops due to the charge attraction and relies on the charge quantity in
the electrical doubl e | ayer . the dagaditansetvaluei | i t y
of the asymmetric capacitor and it follows the equation (15). Finally, at the electronic

conductor |SC interface(Y» ) arises due to the electron flow to/from the electrically
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conductive substrateThe described transduction menlsn is purely capacitive, as
functionalmaterials do not exhibit redox behavi¢8as].

A routine method to increase the doulalger capacitance is to increase the
interfacial SC| ISM contact area without necessarily increasing the geometric projeétion o
the solid contadi24]. This is done by utilisinglectrically conductive nanomaterials as SC,
such as sphybridized carbon nanomateriaReduced graphene oxif#l], grapheng42],
carbon nanotub€d 3], fullerene Go [44] and metatorganic framework$32] were shown
to improve the potentiometric response stability, repeatability and reliabiliyese
materials act as an extension to the electronically conducting electrode and do not suffer
from redox side reactions, gaseous or light interferencélinowaterlayer formation.

2.3.3. Solid-contact materials characterisation

Originating from the phaskoundary response model, the measuredseactive
electrode potential stems from the phenomena happening dShkhe| samplephase
boundary. All the otherlpase boundaryelated potential drops are sample independent and
are included in the standard potential vali@, Thus, O 1 obtained by electrode
calibrationi depends on the identity of the SC mater@l.stability and reproducibility,
both of a sigle electrode and within the series of equally fabricated electrodes, present the
ultimate goal of SAGSE development for a largecale production/O stability and
reproducibility stem from two key properties of a solid contact material: capacitance and

hydrophobicity.

SC materialsd hydrophobicity is crucial a
at theSC | ISMjunction. Since the polymeric ISM uptakes water during the conditioaing,
nanometrehin aqueoudayer forms at theSC | ISMjunction if an ISM does not adhere
well to the SC and/or the SC is not sufficiently hydrophobic. Trhsaqueous layer acts as
an intermediateliquid reservoir, just & in the conventional ISE setup. Howevég 0
composition is altered upon sample changes, leading to drifting potejdttgls\Water

accumulation at the backside of the ISM causes diifdow, norrandom changes in the
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measured open circuit potenti@®CP) kept in a solution of constardompositon and
temperaturg46].

Pretscd s g prapased a protocdio detectthe thin water layerpresenceby
detecting the samplelated variation of aqueous layartheSC | ISMjunction[45]. This
protocol is weHknown in the sensor community as the ewddyer test WLT). The
theoretical potential readings of a positive and negative WLT are depidtgglre 5

WATER-LAYER TEST

\

E/mV

— positive
— negative

t/h

Figure 5. Theoreticglotential readings of the SISEs in the presence (red line) or in the

absence of a thin water layer (green line) miyithe 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). Thenadx$eesponse drop
in step 2is due to the preference for the primary i@mifts in steps 2 and 3 are the key
indicators to the outcome of the WLRA negative WLT is characterised by the fast

potential stabilisation and the absence of drifts in stepsl 3 ésee 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, a®s 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 measurent of a positive drift (when discussing a catsmbective
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 pasured drift. In particular, during step 3 at the backside of the membrane,
the discriminating ions are replaced with the primary idntghis process completely
determines the potential drift of the electrode. Because this process is very slow, step 3 in

practice takes multiple hours recordings.

Longterm 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
measurement$ the higher this value, thgreater the SC material hydrophobicity and,

ultimately better stability against water layer formatjidw].

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 ofiti gontacts 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 circyitost commonly a series of parallel resistor
capacitor elements. Applying small constant direct current perturbations to tfeESC
influences the observed potential response in the following way:

Qo (18)

Where "Qis the appliedelectricd current, 0 is the time of measuremeniy, is the total
resistance of the electrode dominated by the presence of thedIS8the low frequency
capacitance of the electrodinat is the redox/double layer capacitance of thelay€r.
When the appliedurrent is constant, equation8jlcan be summed to equation Y 1fat
basicallyshows that a large is necessary for a satisfactory potential stabi88]. Thed

value is then determined from the resulting potential jump after appyeumstanturrent

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

chronopotentiometry and is a routine-f8E characterisation technique.
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Electrochemical impedanapectroscopy (EIS) ianother routinely used technique
for SGISE characterisation, as it gives information on both-ieguency capacitance and
electrode resistand@9, 48] In EIS, a small amplitude AC voltage superimposed on a
DC voltagethatis applied to the workinglectrodeand the resulting response is obtained
over a wide range of frequencies. From the obtained impedance spquttaented as
imaginary impedance versus real impedance (Nyquist plot) or impedance amplitude versus
frequency of t hpglot)i loypquivalestielgctril circ¢itBrmdelgng one
can obtain numerical values of capacitances and resistances related to different electrode

elements.

2.4. Solid-contact reference electrodes

A typical solidcontact reference electrodS@&RE) consists of an electrically
conducting support, a transducer and a reference membFaeesimplest and most
practical form of a SERE is aquasireferenceelectrode: a silver/silver chloride wire or
pad.However, its reliability is determined by the gbility of the thin AgCl layer and the

el ectrodesd sensiti viingyondomcentatidng.i de and ot he

A true solidstate reference electrode can be constructed simply by covering the
Ag/AgCI layer with a protective @bn containing mmbrane that serves as an internal
filling. A Ag/AgCl SGRE was fabricated by smearing k@ntaining agarose gel onto a
chemically chlorinated Aglectrode surfacgs0]. The electrodes had shown satisfactory
performance in potentiometric tests. Howevere #wthors reported limited electrode
lifetime due to agarose gel dehydration and shrinkage. Storage stability of Agiagé
SCGREs was significantly improveldy depositing acommercial U\curable pastenixed
with groundKCl powder[51].

An important pratical 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 mannerl8k, 3§y layering
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electronic conductarother than silver and silver chloride with a transducer element and a
reference membrane. Mi chal s k a0-8E apnsistingoof r epor t
glassy electrode support, electrodeposited polypyrrole transducing layer and abpdyy(n
actylate}based reference membrane doped with AgCl and KCI pols@gr

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 develoge valuable strategy for a reference element applicable to Ag/AgCI
pads[53]. A polyvinyl butyral (PVB)methanol solution was mixeglith an excess of NaCl
and deposited ontoAg/AgCl surface. The validity and suitability of this reference element
for various fully integrated sensor arrays were broadly demonstrated by many research
groups [54-58]. Andrade and coworkers continued on this research and developed a
reference elemerapplicable to various nesilver conducting surface$9]. They added
AgNO; to a NaClcontainingPVB 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 patial photoreduction of AgCl to Ag. Finally, the formulation was doast onto
glassycarbon electrode supports and dried, forming a-selding, reliable reference

membrane.

Alternatively, reference electrodes containing ionic liquids have emd6&gdionic
liquids are liquidstate 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 choi¢é2]. The potential stability of ioniliquidsbased 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 liuaded reference electrodes

havevery short working lifd63].

Typically, r ef er enc e el ectrodesd performances
measurements in solutions of different ionic composition and concentration. A drift value is
typically expressed as a millivolt change per hour. When constructingRESGne must

aim to mnimising drifts, regardless of the sample concentration or composition.
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2.5. Analytical characteristics of solidcontact potentiometric sensors

Analytical characterisation of a sensor is the last step preceding the intended use.
Regardless of the transducgpe, there are several analytical characteristics describing a
potentiometric sensor: sensitivity and dynamic linear range, limit of detedtioD)(
selectivity, stability, reproducibility, reversibility, response time, and lifetime. Different
sensors carbe compared based on thdsgures 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 oénslard solution concentration
(logarithmic concentration change). A typical calibration cunidlustratedin Figure 6. It
consists of a dynamic linear range obtained by linear fitting that gives an equation with a
sl ope equal t o tamed saenn sionrtsedr cseeprt B ivetigeuvEiet yt o
theoretical sensitivity is defined by the Nernst equation¢@ 16" Yo "Q that is,u &7

t

h

ai 6AAAat 25 AC, showing that the sensitivity

analyte.

CALIBRATION PLOT
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Figure6. Anexample 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 detectdd.the case of catieselective ISEsit 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 dusiom a
interference, due to the loss of permselectivity at high concentrations of charged species
(and vice versa for anieselective membranegp4]. Thus, for potentiometry, IUPAC
recommends that the upper and lower LOD are determined as the intercepsnbet

different linear segments of the calibration cursee( Figure 6)65].

| mportant information can be extracted fr
period within which slope, LOD ang’ do not change to any significant extent, that is, the

sensorsb®6 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 sensorsé ability to discriomapresant e t he
in the sample solution. Nikolskii and Eisenman have noticed that the potentiometric
response to the primary ion (l) in the presence of interfefitigcriminating) ions ¢)
deviates from the response in solely primary ions solyéh They have shown that a

precise description of a potentiometric response in the presence of both ionsisand J

fact a Nernstian equation extended by the fagtpr &

0 0 o T O & (19)

v T -
dn

where0 is the potentiometric selectivity coefficient, whakermodynamic danition is

given elsewhergl4]. Sensorsbd6 selectivities are wusuall
logarithm ofv  : a negative value indicates the preferencthéprimary 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  recommended by IUPAC are based on equation

(17): separatsolutions methodSSM) and fixed inérference method=(M). 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 aty = @ are used to deulate the)

O 0a0
. (20)
I TuC —c&n'YS"Y p aja | laC

In FIM, the potentiometric cell is calibrated in a mixed solution ofliocontaining a
constant background concentration of i@nThen, U is described by equatior2l),

wherew equals the lower LOI67]:

O (22)

There has been a lot of discussion on the accuracy of the methods for potentiometric
selectivity quantification. Still, there is no explicit consensus on which methods give the
truest selectivity values, as the most prevalent concerns are related torstweten
o @ [68].

Potentiometric response reversibility is determined by the presenabsencef
hysteresis. According to IUPAC, hysteresis is the electrode memory that occurs as a
difference in measured open circuit potential in solutions of dame primary ion
concentrations, between which the sensor was exposedptimary ion solution of
different concentration. The standard deviation of the data collected in a series of
measurements in solutions thfe sameconcentration of primary ion (afteemoval and

washing the electrodes) is called reproducib[Hi].

The £nsofs 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

( BB tgoreaches a limiting value that fulfils the required accuracy of the measurgtépnt
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It is often reported in the literature &g 1 a period needed to achieve 95 % of the
arbitrarily chosen limit value. A concentration dependence of response time seaseab

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 potentiometic sensors

With the development adolid-contacttransducers, sensors evolved into electronic
devices: layered structures made of insulating substrates decorated with electrically
conducting lines. Thus, fabrication technologies previously developed nwite
electronics industryi photolithography, chemical and physical vapour deposition, and
vacuum depositioi were the first means of producing setidntact sensing systems.
Unluckily, these procedures are confined to rigid substrates thely,areexpensive, slow,
and wastefu[69]. Novel electronic devices are sought to be lightweight, flexible and cheap
and, most importantly, magsoduced Thus, novel materials and sensor design
development is followed by a simultaneous development of suitabledtbr (and post

production) techniques.

During the last decade, screen printing and inkjet prirititgchniques originally
developed in the graphics industry sedtohave become the state of the art in layered
electrochemical sensors productiof). As both techniques were previously well adapted
for large scale production, they are known for thew cost, high throughputeduced
material wastage, and facile manufactugmgcesse§/0].

2.6.1. Screen printing

Screen printing entered the arena of setatesensors production some time before
inkjet printing[7] and still dominates the market of miniaturised sensors. This technique is
based on forcing the inthrough a screehmited by a stencil on a substrate. The mesh

screen is usually made of a fingprous mesh of fabric, silksynthetic fibres or metal
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threads[71]. The printing process consists of several steps, as schematically shown in
Figure 7.

During the screefprinting process, ink is first deposited across the surface of the
screen, which is aligned above a stencil positioned on the substrate. A sjuadgade
like rubber tool used in screen printiiigis then passed across the screen uagelied
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) strefiseoimk, ensuring
uniform deposition while also removing the residual ink from the screen, thereby

preventing accumulation on the screen surf@2é¢
§ Squeegee

L w e ENCHERT

Ink
,—4

y A
I —
<Imaging area

Ll |

Substrate
Figure 7. A schematic figure showing the principle ofHlatl screen printing.
Adapted fron{71].

Screen printable inks are viscous andhokotropic naturetheir viscositydecrease
with anincrease in shear raté a squeegee, facilitatinghearthinning of inks andelping
flow through the unblockedores Du e t ahixotrbpec natunekfteréhe ink passes
through the mesh onto the substrate, it becomes more viscous again, minimizing the
tendency for uncontrolled spreading atwhtributing toprecise design§/3]. Due to its
working principle, screen printing requires relatively high amowftsnk and produces
shapes with thickness@s the range o& dozento more than a hundreghiicrometreq74].
Such patterns atiicker than those obtained by other printing methodologikss, screen
printing is considered to be thick film technold@¥].

The literature on scregmrinted electrically conductive inks is quite saturated.

Carbonbased (nano)materidl86-78] are very common, due to their low cost and excellent
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electrochemical properties. Metal nanomatesimsed inks are mostly used for rpimg
electrically conductive lead39, 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 defsia printed
pattern first imply the need for a new stencil design and fabrication. The mesh tends to
stretch after prolonged use, contributing to bdtebatch variation and lowering the
printing quality. Finally, due to the character of the technithe resolution of the printed

patterns is restricted, posing serious drawbackprfating 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 Thomsmoposed using electrostatic forces to
control the release of ink drops onto papgowever, the method was commercialised

sometime after, in 1951, by Siemens, after achieving programmable computer Rijport

Inkjet printing (IJP) is a noncontact matrials deposition technique based on the
selective breakip 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 ntactless, as no external mechanical pressure is applied to the
substrate. This prevents damage and contamination {oapierned components, which is
the major problem in contagrinting techniques, such as screen pringi@g Having a
contactless chacter, IJP is highly suitable for flexible and soft substrates, but also for
curved and textured surfaces. Operating at room temperature, it emainisg on

substrates that usually do not withstand high temperatures.

Both the printing and droplet geion are digitally governed, enabling rapid
prototype creation and reproduction. Droplets are generated by two means: continuous
inkjet (C1J) and drogon-demand inkjet (DoD)In ClIJ, a continuous stream of droplets is
generated by a pressure pulse anéaéd 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 platessée Figure 8aand recycled later in the printing. A continuous
character makes ClJasteful; another issue is the possible contaminatidhe ink during
recycling[82]. Thus, CIJ is more common in packaging mass production, and DoD is the

most suitable for research and development of functional materials deposition.
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Figure 8 Inkjet printing principles: schematics of (A) CIJ, and DoD inkjet printing with (B)

Time

>

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

droplet jetting, spreadingnd drying stages. Adapted frdi].

Drop-on-demandinkjet printing is based on selective droplet generation, using
either a thermal or piezoelectric actuaw@s illustrated in Figure 8b and c. Drpgsitioning
is achieved by locating the printer nozzle above the desired location on the substrate before
the droplet ejection. In thermal DoD, an actuator (a smalkfilin 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 relativatjeranks
(or inks containing a volatile component). Piezoelectric D®Dased ora pressure pulse
generated by direct mechanical actuation by the voltage input. Different voltage waveforms
can be superimposed on the actuator, influencing the dropéetisd enabling the ejection

of fluids with different physical characteristi¢83, 84] Typical print heads produce
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droplets with volumes between 1 and 10Q phich directly affects the printing resolution
[85].

Ink formulation is the key step precediting 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) drople#t tead to ink deposition in
unwanted areas,

c. stability against aggregation and sedimentation.

The droplet jetting behaviour cannot be predicted, buh e iphysical s
characteristics give a general idea about the fluid printability. The most impomthear
density, surface tensignand viscosity of the ink. These are conveniently combined in
dimensionless numbers: Reynolds numbes,( Weber number We and the inverse
Ohnesorge number @h):

YQ — (23)
OQ — (24)
YQ [ " ®
2 == L (29)
LQ NnoQ -

where’ is the velocity of the ejected fluid, is themassdensity,wis the distance of the
nozzle to the support; is the dynamic viscosity, aridis the surface tension of the fluid.
Different limiting Z-values have been reped, but a printable ink is generally
characterised by 102> 1. Highly viscous fluids show lo&-values, meaning difficulty to
jet, whereas higlz-values indicate possible satellite droplet formafi®@]. Importantly,
the solvent boiling point must bensidered to prevent ink evaporation that would block

the nozzle Typical fluds used for inkjet printing have a density close to 1000 kj m
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viscosity of around 20 mPa s, and surface energy below 0% Drop size is related to the
nozzle diameter; drops y pi cal | y have G@Gonsidersndg the fanctienal0 0 & m.
material particle size, 1 % of the nozzle diameter particle size is advised to avoid clogging
[87].

The unique droplets of the functional intealirected towards the substrate. Droplet
deposition happens in two steps: first is the imjolisten stage lasting less thdnns,
followed by droplet spreading. The ratio of the initial kinetic energy of the impact and the
ink viscosity determines theiameter of the drop, while the surface energy at the
ink/ substrate defines the further spread or pinning of the [@%Jp This droplet footprint
determines the resolution of the printed pattern: it depends on the interactions of the droplet

with the substte, solvent evapoian 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 faats} e.g. electrical conductivity. Thus, efectronic
materials printingpatterns 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 contaat andlsolute 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 easiesidathe precipitation occurs the fastg&2]. Consequently,
the solvent will flow towards the edges via capillary flow, and the solute will accumulate
there, finally forming a characteristic rilige structure, where the solutes segregated
during the dying process[82]. This structure inhomogeneity, known as the coffag
effect CRE), can be overcome by using a mixture of solvents characterised by significantly
different surface tensions or boiling poifi@6, 88] In doing so, a reverse Marangdiow
is induced by the surface tension gradient within the drogdet Figure).
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Due t o t he ther modynami c si ze effect,
significantly reduced compared to the bulk metals, enabling sintering at lower temperatures
[86]. Among them, silvefAgNP) and gold nanoparticlegAuNP) dominate as they show
superior conductivitiesThus, these materials are most used for fabricating electrical

contacts and electrically conductive leads.

These inks are usually prepared by the dsottp approach, wher@anosized
materials are synthesized from atori@gel precursorg89]. In principle, wet chemistry
procedures rely on the chemical reduction of metallic ions originating from inorganic salts.
As the reaction proceeds, the concentrataf the formed metallic atoms reaches a
supersaturation level and triggers the-seifleation process metallic atoms aggregate to
form rapidly growing nanocrystals. Due to a characteristically high ratio of atoms on the
surface and the interior, the macrystals are thermodynamically unstable and prone to
aggregatiorf90]. Unprotected nanocrystals will continue to grow indefinitely and produce
an unstable colloidal system from which large, aggregated particulates will precipitate.
Stabilising agents thgrevent aggregation and uncontrolled particle growth are added to
the reaction mixture to prevent this. These are usually relativelly molecules that
contain agroup that binds to the metal nanoparticle on eng and the functional group
responsil@ for the stabilization on the othende Different mechanisms of metallic
nanoparticle stabilization using capping agents include electrostatic, steric,-stedtro
and hydration mechanisn&l].

The introduced principle of inkjet printing implies piiter-size droplet ejection.
Accounting for the solvent (or solvent mixture) boiling point is one of the key factors in
assuring successful printing/olatile formulations cannot be efficiently inkjet printed
because theiguick evaporation causes nozzbocking and difficult droplet formation,
leading to inconsistent prined printing failure. Considering that the typical-selective
membrane utilises highly volatile solvent THF, inkjet printing of the polymeric membrane
presents a huge challenge. &plreplacing 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. Botksiglactive and reference membranes
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have only beesuccessfully 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

trarsferring to a largescale production.

Among the two statef-the-art electrochemical sensor fabrication technologies, late
bloom inkjet printing stands out due to its reduced material consumptiongombect
character, and completely digital control d¢fetprinted patternsCompared to screen
printing, inkjet printing significantly cuts the ink consumption (and therefore costs) making
it extremely valuable for highly conductive metallic inks deposition in electrical leads

fabrication.
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Adapted from92] and[93].
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Table 1. Thekey differences between screen printing and inkjet printing in the fabrication

of electrically conducting leads. Adapted fr¢no].

I nkjet printing

Screenprinting

Operating Non-contact technique Contact technique

principle Selective, ordemand deposition Transmission of the ink througt
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 oprefabricated 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

membrandike materials

Resolution is limited by the
droplet size

Incompatible with volatile
solvents

Energy inefficient

Lower throughput

Nozzle clogging, misfiring
Coffee ring effect

IJP

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

Lower resolution

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

Inks having higher viscosities
are required to prevent bleedin
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 sub$trates.
development came about as a responghdagrowing needs for the automatization in the

electronics assembly and automotive industries, and medical devices production.

The operatingrinciple (illustrated in Figure 10) iguite similar to inkjet printing.
The dispensing fluid is contained insgringe 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 anehorrcontact mode, enabling dots dispensing and
drawing lines. Compared to inkjet printers where nozzles are constructed as tiny pinholes,
fluid dispensing systemsd syringes contain i
and sizes. Therefore, tleeis much more room for manoeuvring with fluids of different

viscosities and droplet sizess well as suspensions with larger particles

to the dispensing
control

piston

holder

syringe barrel

dispense needle

Figure 10. An illustratiorof the working principle o&n automated fluid dispenser robot.
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Precision fluid dispesing systems are unexplored in potentiometric sensor research
and developmentvith a single report on the fabrication of setidntact nitrate sensors,
where the jetted membrane cocktail was even five times diluted compared to the widely

accepted cocktadomposition.

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 dispensingcomes with many customizable features, including
interchangeable dispenseRrecision fluid dispensing is much more appreciated in cases
where fluid manipulation for the purpose of generating droplets is diffiduwing to the
various geometries and meails of the needles, it is possible to controllably and

reproducibly deposit liquids that otherwise could not be deposited

2.6.4. Postproduction treatment

Along with functional material, jettable formulations often contain additives
organic molecules thaeparate 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
removedafter 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 eefficient and highthroughput flexible electronics
production. It is not surprising that alternative (low pamature) means of annealing have
been gaining popularity in the past decade. These are: chemical sintering, plasma sintering,
electrical sinteringphotonic sinteringand microwave sintering?articularly, photonic and
microwave sintering are considered kigh-throughput due to their extremely short
processing timedn principle, these methods selectively target the printed pattern, without

damaging thermally sensitive substsatdmong them, a special interest was put into
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photonic techniques that usarious light sources for materials refinement. Using a specific
wavelength which the (nano)material specificadlipsorbs,or manipulating irradiation

conditions enables a selective functional material treatment.

An intense pulsed lightlPL) annealing sstem (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 millis®nds. This causes consecutive higfensity broad range
(2007 1200 nm) noraser light pulses that within milliseconds irradiate the sample. The
irradiation fluence can be controlled by varying pulse duration, applied voltage, and
number of pulses. Inhat way, very selective and shdarhe heating at extremely high
temperatures allows not only sintering but also material structural refornj@dio85] IPL

working principle is illustrated in Figure 11

i_ ————— | reflector
|
| | \ ," /
‘ i~ — | capacitor Xelamp
Rt

incident radiation

ink layer absorption  thermal radiation

substrate transmision

Figure 11. Working principle of IPL annealingssgm.

Nam et al. argued that silver microparticles, compared to nanoparticles, are
significantly easier and cheaper to syntheg@@]. Howeverto resbre the electrical
conductivity due to thesmaller surfacéo-volume ratiomicroparticlesgenerally require
harsher annealing conditions. The authors have devebpddL annealing procedure for
screenprinted Agmicroparticlebased ink on flexible polyurethane substrates. The printed

patterns were annealed using a single pulse of 1 s, &rtipevoltage of 450 V. The IPL
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energy intensities varied atil4 J cm® The effect of IPL sintering on the electrical
conductivity of the printed electrodes was

( 1 3 030/M),based on conductivity measuarents using four point probe (4PP). The
optimum | PL annealing energy giving the hig
without damaging the stretchable electrode was 2'3. @ompared to thermally sintered

electrodes, the electrodes annealed abfitenised IPL conditions showed superiong-

range strain durabilitfexpressed as changes in measured conductivity).

Kang et al. formulated silver nanopartiddased ink at 50 wt.% of dry matter in
diethylene glycol and inkjet printed it using a DoD pietectric printer onto polyimide
substratg97]. 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
i 50 J cm?) and number of pulsesh@& duration of the pulses was fixed at 4 and 6 ms, with
a fixed 5 ms time gap between the pulses. To fully sinter the IJP patterns, three consecutive
pulses of 50 J clfiwere needed. The lowest obtained average resistivity &319 nq m,
was onlyi dhemrq tmhan t he one obtained for the

specimens, which is appropriate for printed electronics technology.

Secor et al. reported a jettable graphene dispersion, using ethyl cellulose (EC) as a
stabiliser and cyclohexan@fipineol mixture as a solvef8]. Inks containing different
amounts of EC were inkjet printed orpgoly(ethylene terephthalatelPET) substrates and
annealed using IPL. It was shown that the annealing reach depends on the content of the
stabiliser, indiating 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

mini mum average sheet resi st ameakedovdpridsé. 4 N 4. ¢
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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 commercialisaisrbecomeeality.
The huge commercial success tbe glucose sensing market has driven the focus to
produ@ minimally invasive sensing devicf9]. 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 electrocHesgnaor

fabrication. The key differences between the two techniques are sumitedalenl

Inkjet printing inline coupled with alternative processing approaches offers huge
promises for largscale sensor production. Due to their operational simplicity,
potentiometric sensors can be integrated in platforms for multiplexed analyses, especially
wearables and environmentaalyserd4, 100] However, there is still a lot of work to be

done totruly commercializankjet printed solidcontact potentiometricesising systems.

IJP potentiometric sensors construction begins with formulating a jettable ink and
choosing an appropriate substrate. This is a complex process, as iinglude the
selection of the functional material and the formulation of a suifahbkgional 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 spngadihe layered structure of potentiometric
sensors is evident in functional materials choice and order of deposiiometal
nanoparticle ink is the first layer to be deposited directly dh&substrate. This layer
functions as an electrical lead tlw@innects the sensor to the processing unit. Nesdlie
contactlayer is printed over the working electrode area, typically, carbon nanomaterials or
conductive polymebased inks are used. Such ink is formulated considering the key
properties of a suitéd solid-contactas discussed irSection 2.3. Soliecontact ion

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

moment, the deposition of an iselective ¢r reference) membrane is for the most part

done by manual drepasting for the reasons to be discussed in the later paragraphs.
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Wearablesensors that collect information from the human body using sweat or
interstitial fluid as a samplare usually in comct withthe skin, thus a substrate of choice
should align with skin and offer comfortable wearifig00]. On the other hand,
environmental sensing platforms can be constructed on more rigid materials too. When
considering a substrate material, one needtgke 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 flexibletengls, including polymers, paper and textil&81].
Polymerbased substrates are represented by poly(ethylene terephthalate), (PET)
poly(ethylene naphtalate) (PENNd polyimide (Pl). For stretchable devices elastomers
such as poly(dimethylsiloxane) (RL3), polyurethanes and multiblock copolymer styiene

ethylené butadienéstyrene (SEBS) are usgglr].

A literature search ofesearch papers was done in iVeb of Sciencéatabase
using the keywords and title/abstract cited words containing "ion selec@iR"ion
selective" OR fhApotentiom*0 OR "reference el
"ink-jet". This search resulted in 26 research papers published between 2013 and 2025
describing iorselectiveelectrodesyeference electrodes or whole potentiomesystems
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 thatis how many layers of the layered setidntact electrode structure were
fabricated by IJPHRigure 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 applicatgem Tables B 4).
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Figure 12. Radar diagrams describing the reach of inkjet printing in potentiometric sensor

production; a) iorselective electrodes, b) reference electrodes.

Figure 12depicts the classification of relevant research papers according to the
reach of inkjet printing in the fabrication of potentiometric sens®®s% of the found
papers discuss electrode fabrication on flexible substrates, including paper ymeérpol

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

Regarding iorselective electrodes, the found literature was classified in four
groups:
ECi only the electrical contacts were JJP
EC+SCi both electrical ontacts and solid contacts were 1JP;

EC+ISMT only electrical contact and ieselective membrane were 1JP;

= =4 4 -

EC+SC+ISMi all the components of the layered electrode structure were
1JP.

Evidently, electrical contacts were in all cases fabricated by the nufald®.
Diving deeper within the EC and EC+SC groups, it was founddheatelective 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 faenatlre describes the

fabrication of five such electrodeSqually representeds the electrodelesign where both
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the electrical contact®nd thesolid contactshat function as receptors were IJP as two
separate layergour coated wire electrode dessgwere found, where in one case both the
electrical leads and ISM were inkjet printed while in the other case, ISM was deposited
manually by drogcasting Inkjet printing the electrical leads, electrodepositing the solid
contact, drogcasting the ISMor inkjet printing the separate EC and SC layers cnog
casting the ISM are the least found. Finally, four examples for fully inkjet printed electrode

arrayswere found.

The reach of inkjet printing i8C-RE fabrication is showmn Figure 12b The key
threecategories include:

1 ECT only the electrical contacts were JJP
EC+SCi both electrical contacts and solid contacts were 1JP;

EC+SC+ISMi1 all the components of the layered electrode structure were
1JP.

Herein, fully inkjet printed reference electrodes dwate, with six reported
electrode configurations. Pseudoreference electrode designs, whefgeaibctrical leads
were IJP, and the transducer layer was formed eithea blgemical or electrochemical
reaction are representedith 6 papersA referencemembrang RM) was manually drop
cast in four different designs where the transducer layer was formed eith@hkynical or
electrochemical reactionLeast found werethe configurationswhere the reference

membrane was dregast either directly over tHdPelectrical lead or over the 1JP layers.

Among the search result§,papers described reference electrode fabrication @y,
papers described ieselective electrodes fabrication only, and l1&bgrs described the
fabrication of potentiometric sensing platforms consisting of B&HSE andRC-RE. The

relevant papers are summarisedlables 2i 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 (1JP) receptor;: SWCNICOOH  sensitivity: 48.1 mV/pH H Not specified [102]

Drop-cast Kselective DLR: 10°7 10%M;
Silicon Graphene ink . ISM in THF sensitivity: " -
2 wafer (13P) Graphene inklJP) (valinomycin, KTpCIPB, 57.2 mV det K Not specified [103]
PVC, DOS) LOD: 10%2M

1457 101 M-
Graphite in PVB  Drop-cast NH-selective DLRéelr?sit:viltO' M

3 Paper Ag-ink (IJP)  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 wateland
. No ISM; 104°7 103 M; i river water
4 PEN Ag-ink (1JP) AGIAG:S receptor: Ag/AgS sensitivity: s application [105]
i29.4 mV det! werepresented
PEDOT: Dr?é}hi?ﬁtTNHa:e(ll\el;tlve Sensitivity in physiological
5 PSS TisC,Ty (1IP) TisC,Ty (1IP) ionophore, NaTEPB, Na—concerg'{%fg range: 4l Na Not specified [106]
PVC, DOS)
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IrO, and PDDA , DLR: 3-10 (pH); + -
6 ITO/PET ink (13P) IrO, (13P) No ISM, IrQ is a receptor sensitivity: 58.4 mV/pH H Not specified [107]
Drop-cast NG-ISM in DLR: 10°7 10* M; )
7 PET Ag-ink (1JP) no SC THF (TOA-bromide, sensitivity: NO3 Not specified [108]
DBP, PVC) 507 52 mV/dec
. DLR: 10** 10" M;
. r Drop-cast NQ-ISM in e ’ i i
8 Polyimide  Ag-ink (1JP) no SC THE (TOAN, PVC, DBP) senstlgg/:. 15554? I\r;INIdec NO; Not specified [109]
the
Ag- and . acidification of
. . RuCL/Ru No ISM - RuG, is DLR: 2-12 (pH); +
9 Polyimide  graphene ink (IgP) > receptor for Floizons sensitivity: 57(£|90m)V/pH H a cancer cell [110]
(1IP) T culture was
showcased
DLR: 10° 10" M; Publ-
10 Polyimide Ag-ink (IJP) Graphenénk (1JP) Drop-cast NH-ISM sensitivity:55.6 mV/dec NH," Waste water  cation 2
(PVC, DOS, nonactin) . < analysis
LOD:0. 88 N O [111]

ECT electrical contact; IJP inkjet printed; SQ solid-contact; ISMi ion-selectivemembrane; SWCNITOOH1 single walled carbon nanotubes
functionalised with carboxygroups; DLRI dynamic linear range; PENpolyethylene naphthalate; PMGooly(vinyl chloride); LODi lower limit
of detection; PEDOT:PSSpoly(3,4ethylenedioxythiopheng)olystyrene sulfonaie OA-bromidei tetran-octylammonium bromideTOAN 1

tetraoctylammonium nitrat DBP1 dibutyl phthalate
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Table 3.Literature review of inkjet printed reference electrodes.

n Substrate EC AgCl deposition method RM and type of deposition Analytical parameters Ref
, Chemical SRR: 41 10 (pH);
1 PCB Ag-ink (JP) formation no RM drift: 0.04 mVv/h [112]
PET, , . .
2 chromatrographic  Ag-ink (1JP) fCheml.caI no RM .Dr.'ﬂ <_ 3mv; [83]
ormation lifetime: 30 days
paper
Chemical Drop-castUV-curable ink SRR: 10°%i 10" M;
3 PET Ag-ink (1JP) formation with grind KCI powder Drift: <2 mV/h; [113]
(22.25 wt.%) Lifetime: 4 weeks
: . SRR: 21 10 (pH)
¢ PET Agncn e s p oy SRRACTICM g
° Drift; 0.13 mV/h
. SRR: 47 8 (pH);
. IJP2 wt.% agarose gel in 3 1057 1001 n-
5 PET Ag-ink (13P) Flectrahemical M KCI / SBS fibermat / SRR:10°1 10 M; [115]
ormation EGaln allo Drift <2 mV;,
y Lifetime: 1 month
0 . . 1
Dropr:;as;1 tol vAvt. l\f)oPVB, 50 SRR:10°7 102 M: (I:D:t?(;;
6  Polyimide Ag-ink (13P) i S0 e mit Nacin SRR: 2i 10 (pH) .
9 Drift = 0.2464mV h'*
methanol [116]

RM i reference membran8RR1 stableresponse range; SBooly(styreneblock-butadieneblock-styrene; PCB printed circuitboard.
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Table 4. Literatureeview of inkjet printed potentiometric platforms.

Application
n substrate ISE RE analytical parameters Analyte (if specified) ref
olvimide EC: Pdink (1JP); IJP Agink, AgCl chemical ISE: DLR: 471 10 (pH); Real water
P ylass ’ SC & H' receptor: formation sensitivity: 59 mV/dec; H* samples [117, 118]
9 PdPdO RM (PVC, KCI, AgCl) RE: drift: 2.4 mV/pH and milk
EC: Awink (1JP); Ag-ink (1JP), ISE: DLR: 271 10 (pH);
2 paper SC & receptor: PANI AgCl electrochem. sensitivity: 61 mVdeg H* Not specified [119]
(H" receptor) formation RE: drift: 4.35 mV/pH
a heEnCe:z('&PSEC[;OT'PS‘ Ag-ink (IJP)AgCl NaISE: DLR: 107 10* M;
3 aper grap ink tIJP)' S chemical sensitivity: 62.5 mV/dec K™, Urine [84]
pap ISM: Na.ISM formation K-ISE: DLR: 10“7 10* M; Na’ analysis
K-ISM (1JP) RM (IL in PVC) (1JP) sensitivity:62.9 mV/dec
hoto EC: Awink (1JP); EC: Awink (1JP); ISE: DLR: 10°-102 M;
4 pa er SC: PEDOT:PSS SC: PEDOT:PSHJP); slope: 62.0nV/dec K* Not specified [120]
pap (13P);K-ISM RM (IL in PVC) RE: SRR:10°%i 10'M
EC: Ag-ink (1JP), Au Ag-ink (1JP), Na-ISE:
. photo ink (1JP); AgCl chemical DLR: 1077 10 M; Ng' Urine [121]
paper SC: CNT ink(1JP); formation dlope 56.42 mV/dec analysis

ISM: Na-ISM (1JP)

RM (IL in PVC) (1JP)

RE: drift: 2.5 mV
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PBT/PET

EC: carbon ink

EC:carbon ink

ISE: DLR: 371 11 (pH);

Artificial

6 . SCreceptor: reference element: _ H* [122]
resin PANI ink (1JP) Ag/AGCI ink slope: 63 mV/dec sweat
A _ NO-ISE: DLR: 10°%i 1 M;
IESCI\:/I Al\\ngmTS(II\aIPo)r slope:i 48.9 mVidec; i Wastewater
7  polyimide P L Ag/AgCI NH4-ISE: DLR: NO; . [123]
NH4-ISM containing 10257 1 M: analysis
CNT slope: 53.5 mV/dec
: Ag-ink (1JP
EC: Agink (1JP); Ag%l Ch(emic)‘al H-ISE:
8 polyimide SCreceptor: formation DLR: 41 10 (pH); H* Not specified [124]
graphene inklJP) RM (NaCl in PVB) (1JP) slope: 51 mV/dec
EC: Agink (1JP); Ag-ink (1JP) K-ISE:
. SC: AgCl chemical DLR: 0T 2 mM; + .
9 polyimide PEDOT:PSS inKIJP) formation sensitivity: 59 mV/dec K Not specified [125]
ISM: K-ISM (1JP) RM (IL in PVC) (1JP) RE drifth 23.
EC: Agink (1JP); r
SCr GPEDOT:PSS AA%:IInclim(elriwliDc)al NaISE, K-ISE: <,
10 polyimide ink (1JP); gf : e Na Not specified ~ [126]
ISM: K-ISM ormation sensitivity> 56 mV/dec
’ RM (IL in PVC) (1JP)
Na-ISM (1JP)
EC: Agink (IJP)SC: Ag%:”cﬁ(e'i '?C)‘al NO.-ISE: “
11 polyimide Ag/AgCI; tormatio DLR: 10°7 102 M; NO; Soil [127]
ISM: NOs-ISE n slope:1 56 mV/dec

RM: Nafion membrane

EC i1 electrical contact; PANI polyaniline; SGQRE i solid-state quasieference electrodes; IL ionic-liquid; G-PEDOT:PSSi graphene
PEDOT:PSSPVB 1 poly(vinyl butyral);PBT1 polybutylene terephthalate.
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2.7.1. Inkjet printing eleatically conducting leads

The first layer of the @tentiometric sensérs st r u c t u nsehe ¢lextrichle pr i nt
contact. Metallic inksi represented by Agand Auinks T are generally used for this
purpose due to their superior electrical conductivitg aammercial availability. For Ag
based electrical contacts, all the papers repoitedables 27 4 used commercially
available inksAs a rule, the discussed IJP -fpgtterns were thermally annealed at 120
260 AC, between 10 antksi8edinkmses.ut es, depending

Concerning the reports on Awased inkjet printed electrical contacts; all the
featured papers adopted a previously developed [hk9-121, 123] This rule is not
surprising, as commercially available inkjet printable gmddhoparticlebased inks tend to

be very expensive.

The most referenced Ank used for electrical contact printing is the ink developed
by M2 2 t t 2 n[d28]. Dodecamethioprotected gold nanoparticles imkas synthesised
using a water solution of AUCl,L. FO as a precursor, tetraoctylammonium bromide as a
stabiliser, and NaBlHas a reducing agent. The obtained nanoparticles (~3 nm in diameter)
were collected after solvent evaporation and redispersed in xyleng.op This ink was
inkjet printed oto paper substrates and sintered using an infrared (IR) drier. Finally, 1JP
gold surfaces were thiolated usingolct adecanet hi ol . The print e
topology was thoroughly characterised, while the conductivity was measured to be 1.6
10’ S nit. The resistance values were comparable to those obtained with prinpedténs
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, sontleoesideveloped jettable inks
based on metals that form a secanderelectrodewith their oxide.For exampleQin et al.
developed two palladium inks for inkjet printing electrode conductive ljh&%g, 118]

Both inks contained 14.8t.% of organoamineomplexstabilized Pehanoparticles, one in
toluene and the other in isobutyloenzene. The inks were thoroughly characterised by

viscosity and surface tension measurements. Continuous and uniform jetted ink layers were

49



obtained after optimising the firingpvl t age and cartridge temperat
conductivity was restored after tvabep thermolysis: in the first step, the printed Pd ink
was heated to 120 AC for 1 minute to evapo
temperature was increase t o 200 AC to decompose the pr
immobilise a uniform Pdayer on the substrates (as confirmed by SEM imaging and XPS
Spectra). The effective resistivity of a 26«
lines were thermally anneale a't 200 AC for 48 h, during wh
converted to PdO, a receptor foribhs. However, such harsh electrode treatment is not

suitable for sensors6 mass production.

He et al. were the first to demonstrate the fabrication of thasetmtive electrode
by inkjet printing graphene ink that served simultaneously as the electrical and solid
contact layef103]. Single layer graphene nanosheets were dispersed in a mixigb&oof
cyclohexanonand 15 % terpineol, at the initial concentration of 3.5 mg'mDue to the
high boiling point of both solvents, the ink had to be printed at an elevated temperature of
60 AC. The i nk awa0s. 4f5 |stne rmseyqhydichtyeharfaitsed by r
the viscosity measuremert (= 10 mPa s). After adjusting the printing parameters,
including the droplets speed, waveform, voltage and nominatsjraping, the ink was
inkjet printed onto silicon wafers in 50 passes. Thermal annealing in a nitabtgesphere
was concl uded attobtfiselectrikdly conuuctivel pattermss Eiectrical
sheet resistanaaf the printed lines was lowerely several orders of magnitude from 52.8
N ™qd " for unannealegatternst o 1 7 2 . 71 '*Ror tBeZanndaled patterns. In
spite of the remarkable resistance drop, the discussed fabrication procedure is far from low
energy sensorséo production and unsui tabl e

substrates.

Gi r aul t[D0Z] regortenl oriyerby-layer inkjet printing of flexible iridium
oxide-based ink and poly(diallydimethylammonium chloride) (PDDA) ink. Iridium oxide
(IrOx) nanoparticles (10 nm in diameter) were prepared usisigCk as a precursor,
tri sodium ci trhkliseeandNabDly asraaddacingaagentaThesobtained

nanoparticles were dispersed in 1:1 (v/v) water:iisopropanol mixture at a 1.24 mM
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concentration. PDDA ink was prepared by diluting commercially availabigt20 PDDA

in water with isopropanol to reach thiral concentration of 0.002&t.%. Both inks were
carefully characterised by viscosity, surface tensionzatdpotential measurements. The
layerby-layer assembly was achieved by IJP firstly the positively charged PDDA ink on
the negatively charged ITRET substrate, solvent evaporation, and then printing the
negatively charged IrOnanoparticle ink. Like that, five If@PDDA bilayers have been
inkjet printed giving homogeneous patterns, as probed by SEM imaging. Finally, these

lines were used as pH s&ms without any further modification or processing.

Gianvittorio et al. reported on the simple and Joest microfabrication of
ruthenium oxide (Rug) thin film electrodes from Ru precursor ink at room temperature
using PrintLight-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/photehermal conversion of the IJP Ruk into RuQ. The controlled deposition
of variable quantities of Ru (0i 2 0 0 g, €ng) was achieved by optimizing Priatght-
Synthesis parameters (e.g., drgesinch number, ink concentration, number of inkjet
printed layers and UV light intensity). The fabricated patterns did not require any further
processing and wereiccessfully used as second order metallic electrodes for pH sensing.

2.7.2. Inkjet printingof thesolid-contact transducer

The next step in layered sensor production is the depositiorsolichcontact It
was found that the majority of IJP potentiometric seapossess a metal/metal smsed
pair solidcontact (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, botganms 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, viscosignsity, surface tension
and annealing parameters, a diversity of functional materials can be inkjet printed and used

as a soliecontact material, as long as they possess the needed featur&hdgee 2.3.
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Solid-contact ionselective electrodgs Both hgh redox capacitaneeased (PANI[119,
122], PEDOT:PSH120, 125] metal/metal salt paifl05, 107, 110, 117, 118, 137&nd
high doublelayer capacitanebased(grapheng103, 124] carbon nanotubed 02, 121]

graphite[104]) solid contactmaterials have been used as solid contacts.

Monsal veds group reported a fabrication p
carbon electrical leads and inkjet printing the pH sensitive conducting polymeniialya
[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 withsodium 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 surfas®nten
measurements. The stabilizer SDS was shown to have the greatest impact on the PANI ink
printability, while the acrylic resinsignificantly improved the wear resistariceompared
to electrodeposited PANI. The two means of solid contact depositiamotlicifluence the
analytical characteristics of the proposed sengorboth configurations had shown
relatively large deviation o’ value (65 mV for electrodeposited PANI afé6 mV for
IJP PANI resii. This was attributed to the uneven surfaces of the screen printed electrode
supportsg and might be improved by inkjet printing both layers.

Sj ° ber g [128]t havea demonstrated that inkjet printing of poly(3,4
ethylenedioxythiophene) transduceyda with poly(styrene sulfonate) ions as counterions
(PEDOT:PSS), compared to conventional electrodeposititso does not influence the
potentiometric response towards potassium model ions. The electrodes were prepared by
printing Au-electrical leads ovepaper substrates, S&yer deposition as described and
drop-casting the potassiuselective membrane. It was shown that IJP gives smoother
PEDOT:PSS layers compared to the electrodeposition. Such topographical differences were
clearly reflected in the ettrochemical properties of the $itns: compared to IJP
PEDOT:PSS, electrodeposited PEDOT:PSS enables faster charge transfer and ion

transport. However, after the | SM deposition
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analytical characteristics wee observed. Both electrode configurations were characterized
by the same nedfernstian sensitivity of 62 mV deg in the potassium concentration
range 10° i 102 mol dm> However, the response reproducibility expressed as the

standard deviation d&° values was not reported.

Composite materials made from conducting polymers and carbon nanomaterials are
known for their superior electricall29ropert:i
Citteriobs gr ou pprintedpisposabdeddnioa-cost pdpebgsedi davicg e t
for potentiometric Naor K* sensing[84]. Ag nanoparticlebased 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 selectivemibranes were printed. The
G/PEDOT:PSS composite was characterised by a faster electron transfer, compared to the
control SC(IJP PEDOT:PSS) Thi s was explained by the cont
surface area and high electrical conductivity to thealeharge transfer within the inkjet
printed material. Finally, NdSM and KISM were inkjet printed ovethe SC With
PEDOT:PSS as a transducer, both electrodes have shownNemgiian sensitivity of
43.6 mV det' for sodium and 46.1 mV dEcfor potassium, both within a linear range of
10%7 10! mol dmi®. With G/PEDOT:PSS as a transducer, the linear range did not change,
but the sensitivity improved to 62.5 mV dka@nd 62.9 mV déé for sodium and for
potassium, respectively.

2.7.3. Inkjet printingof the ion-selective membrane

The ionselective membrane is the final layer in the set@te potentiometric
sensor construction. Regarding the materials' properties, it presents the most challenging
medium for jetting. The standard membrane retipased omearly 15wt.% of the solute
dissolved in a highly volatile tetrahydrofuran (THR,= 6 6 i iéAwery difficult to IJP.
Picolitresize THF droplets are nearly impossible to generate at room temperature, as such
small volumes of THF instantly evaporated the plasticised polymer forms deposits at the
printeraos nozzl e. This explains a scarce nil

printing the ISM.
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The conducted literature search resulted in four research papers that describe the
complete fabricatin of potentiometric platforms by inkjet printij84, 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 contnt by

leastafactor of 3.

First, in 2017 Citterio et al. reported on jetting soditend potassiurselective
THF-based membrane solutiof®4]. The authors successfully inkjet printed polymeric
ion-selective membranes. However, a dozen overprints were needed to achieae
Nernstian response to the ions of interest, as the solute content of the membrane was
reduced to %vt.%.

Next, Tsou et al.[125] demonstrated completely IJP potentiometric sensing
platforms for sodium and potassium sensing. A membrane formulatioticing the
standard ionophore:ieexchanger and polymer:plasticiser ratios was prepared in
cyclohexanone and inkjet printed. Due to its relatively high boiling pdint(155.6 C),

cyclohexanone is noticeably more compatible with the jetting process.

In 2025, Citterio et a[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 acetatnastermediate
layer to improve the adhesion between thegelective 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 showcasédnamative way of
improving adhesion between the iselective membrane and the solid contact, lowering
the water layer formation. This led to prolonged sensor lifetime, enhanced sensitivity and

improved intraelectrode reproducibility.

2.7.4. Inkjet printing sdid-contact reference electrodes

In technical terms, the production of a reference electrode by inkjet printing is no
different from the production of an ieselective electrode. It starts with inkjet printing-Ag

electrical contact linesofly a single &mple reports Aselectrical leads). The lack of ink
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Adi versityo in the found papers is quite un
based on the webstablished Ag/AgCI pai{chemically or electrochemically formed)

Concerning the fabricatiorprocess, AgCl-formation by dropcasting or jetting the

chlorinating agent is more favourable, duesiimplicity. However, some groups still stick

to the electrochemical means of AgCl formation, as such deposit formation offers better
control of the deposinorphology and thickne$$19].

Mer k o- i 0[83] regportecu  simple fabrication protocol for miniaturized,
disposable, and lowost Ag/AgCIl pseudoreference electrodes using inkjet printing. First, a
AgNP ink was inkjet printed on PET and chromatogiapgtaper substrates. The ink was
cured at 120 AC for 20 minutes and <€hemical
electrodes into a commercial bleach solution without dilution for up to 5 minutes. The
formation of the AgCI layer was confirmed by a chagastic colour change, scanning
electron microscopy and energy dispersivea) spectroscopy. Finally, the performance of
the proposedsolid-contact quasireference electrodesSCgRE) was evaluated by
chronopotentiometry in KCl 3.0 mol dmversus a commeial 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 screaertipg, highlighting the reliability of
the proposed S§RE. Longterm electrode stability during 30 days of storage in dry and

dark conditions was confirmed.

Quastreference electrodes suffer from an inevitable problem associated with their
poor stabiliy. Due to the thinned layer of sparingly soluble AgCl, open circuit potential
stability does not exceed a few minutes to a few hours range. Additionally, SGegfRE
can only be used on samples whose ionic strength is precisely controlled, and whith do no
contain any interference species,($ and/or Bl), to which the Ag/AgCl would react
directly [130].

Solidc ont act reference electrodesd robustne
preserved by wusing a protective meSGRE ane. Gi

fabrication approacfiL13]. Ag-based conductive paths were deposited onto PET substrates
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by IJP and annealed using IPL. The electrode surface was chemically chlorinated by
dipping the electrode surface into a diluted hypochlorite solution. The reference membrane
was prepared by adding ground KCI powder (20 wt.%) and ETH 500 salt (2.25 wnti%a) i
commercial UVcurable ink that served as a membrane matrix. This membrane cocktail
was dropcast directly on Ag/AgCl electrodes. Such reference electrodes were
electrochemically characterised using electrochemical impedance spectroscopy (EIS) and
potentiometric measurements. The influence of the solution composition and concentration
was evaluated by drift measurements in a broad concentratitii (10'* mol dni®) and

pH range (3 11). A negligible potential change was observed for various elgesol
indicating a high reproducibility of the fabrication process.

Moya et al.[114] developed the first ful inkjet printed solid-contactreference
electrode. The electrode fabrication was concluded in four steps. Firsleétgcal leads
were JPod PET substrates and thermally sintere
insulating ink was jetted to define the working electrode area. The electrode area was
chemically chlorinated after printing a dilutdthClO 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 lmmpatible with a piezoelae
printer. Poly(vinyl butyral) PVB (4 wt.%) membrane matrix and NaCl were added to the
solvent mixture and inkjet printed ini120 layers over the chlorinated Agrface. The 1JP
membrane morphology was thoroughly characterised using confocal imagthGEM

microscopy. The SRE performances were tested by drift measurements.

Fully IJP reference electrodes are relatively scarce compared-t8ESChis 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 [22&hg
have developed jettable reference membrane formulations consisting of ionic liquid (1

dodecyt3-methylimidazolium chloride), PVC and a plasticiserw6% 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 receptesdliective membrane).
Dominating statef-the art fabrication protocols have been adopted froen gitaphics
industry and are represented by screen and inkjet printing. Inkjet printing holds the
potential for the future largscale and highhroughput fabrication of potentiometric
sensors, particularly due to its noantact, digital character and sificantly reduced
materials consumption, as compared to screen printing. Having this in mind, this research
aims to bring valuable knowledge to the staft¢he-art solidcontact potentiometric

sensorso®6 research area.

Some trends have been identified hmetarea of inkjet printed potentiometric
systemsUsually, metallic inks are printed, which are then partially coated with appropriate
salts in subsequent processesften time and energy inefficieintthus forming a second
order metal electrod&uch sesors suffer from impaired stability against interferences and
metal salt dissolving. Response stability and selectivity have been significantly improved

after includingtheiors el ecti ve membrane in the sensorso

Herein, commercially availableihger ink was used for inkjet printing electrical
contacts due to its exceptional electrical conductivity andefbsttiveness. Graphene was
chosen as a promising sclidntact material: the hydrophobicity in pair with excellent
electrical conductivity md high doubldayer 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 frienty solvents, strongly accounting for the successful droplet formation.
Both the electrical leads and solid contacts were inkjet printed onto flexible polyimide
substrates and an ammonus@lective membrane was dropst.A potentiometric method

for quantifying ammonium ions in leachate samples was developed.
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Due to the fluid characteristics, liquid polymeric iselective membranes are
scarcely deposited by inkjet printing. As a rule, the solute content is typically diluted five
times in order to enable ipting. In recent years, some research groups have found their
own ways of improving the accuracy of the fabrication proddesdn, an automated fluid
dosing robot was tested and the membrane morpholesgy controlled by carefully
selecting the solventimture that promotethe Marangoni flow. In this way, the membrane

was precisely and reproducibly appli@dthout changing theortion of dry matter.

Finally, to close the potentiometric cell, a reference membrane compatible with the
inkjet printedelectrical contactsvas developed. Conventional $E fabrication involves
multiple steps Ag contact deposition, annealing, AgCI formation, washing, and optional
membrane deposition making it relatively timeconsuming. 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 formadn st ant | y ,, usiug ibtdnserpuls@dllight fergel
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 m melamineintercalated graphene nanosheets

The first part of the doctoral research includddvelopment of electrically
conductive ink for printed electronics applicationsvhich can be applied in IJP
potentiometric sensor fabricatiom a research adie in Appendix I, weaimed to explore
novel, simple, scalable and green means oftggapbased ink formulation€Graphene is a
great candidate for flexible electronics applications due to its outstanding electrical and
mechanical properties. This has ledvarious production methods, all aiming to produce
graphene with as few defects as possible. Ligundse exfoliation is the most reported
largescale production method of twdbmensional (2D) nanosheets. However, this method

is quite laborious, slow,na often consumes harmful organic solvents. On the other hand,
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solventfree mechanochemical methods stand out due to their simpkeisg of process
parameter contra@nd environmental safendd4s81].

Herein, we showcased that mechanochemically sysg@dsyraphene nanosheets
can be used foan electrically conducting inkjet printable ink formulatioBraphene was
chosen due to i1itsd potential for excellent p
i tsd hydrophobi ci t yst@nwadnted tanrwaterilager formatianpaed t vy ag
excellent electrical conductivity coupled with high surta@eolume ratio (the key to well
defined signal transduction based on high doidjer capacitancefsraphene nanosheets
were synthesised in a planstdall mill using graphite flakes as a precursor and melamine
as an exfoliating agent and stabilis®IGNS, melamineintercalated graphene nanosheets).
An average particle height of 0.300.65 nm with adiameter of 14 nm was found,
indicating single and doublelayer graphene nanosheets (see Appendix |, Figuréhs).
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 dispersitige MGNS within a solvent mixture.
Jettable ink production is a complex process that accounts for thg M&NS) stability
within the solvent (that is, solvent mixture), the possibility of debmeneration, 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 mhssions in solvents with a similar surface
energy to itself, such as -Methyl2-pyrrolidone (NMP), Ncyclo-2-pyrrolidone,
dimethylformamide (DMF), and dimethylsulfoxide (DMSQO). These solvents have
relatively high Dboil i ng e priotingptosess(as thelsGb8tratd C) , C
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 mixjreenof
solvents that do not impose any environmentahaalth concerns: ethanol (22.55 mN/m,
1.2 mPals), wat er (72 mN/ m, 1.002 mPals), e
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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 tetsolvents induces the reverse Marangoni flow of

the droplet on a surface. On top of that, the employed solvents have an optimal boiling

pointi high enough to prevent ink evaporationcontact 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 calculatethe Zv al ue after determinighn3.6t he I nk
mN m'%), viscosity ¢ = 3.26 mPa s) and density £ 0.9373 g mL"). The formula used for

the calculation of th&@-value and the limiting values have been discuss&eation 2.6.1.

Inkjet printing ; the calculated-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 deanhg (DLS) analysis and zepmtential
measurementrespectively The DLS measurements of the MGNS ink gave an average
hydrodynamic particle diameter df= 173.7nm (see Appendix I, Figure 5), indicatitiat
MGNS particles were small enough for primgtirwithout clogging the printer head.
Additionally, the measurements have shown a narrow particle size distribution, indicating
the possibility of printing uniform, homogeneous laydrse determinedzetapotential of

the MGNS ink wa$ 25.7 mV, indicatinghat our ink was moderately staljle32].

Finally, the longterm stability of the ink formulation was assessed by collecting the
UV-Vis spectra of a freshly prepared MGNS ink and during 32 daysppegéaration. The
reduction of the absorbance value at 512 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 sidgie
printing. After more than a montbf the ink storage, the initial absorbance value was
regained after a minute treatment with adgmicator ¢ee Appendix |, Figure 6)his

indicates that the maximum ink stability can be easily recowerddhe ink reused

The ink was inkjet printed ootPET and PI substrates iri 1LO overprints, dried at
55 AC and characterised Ryusirgla®apbintprebs.Ust ance
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to three overprints, the printed samples were not electrically conducting; five overprints
gaveRs = 4.27 0.87MWsd?, and 10 overprints ga&s = 2.0 0.9 MWsd®.

To improve the electrical conductivity, we exposed the printed patterns (10
overprints) to different el evated temperatur
After thermaltreatmenta t 4 0 lfe mAaSured sheet resistance plummeted to 640
kW sd*. This resistance drop was due to the thermal decomposition of melamine (de
amonation) and Solsperse stabilisers, which led to restoring conductive pathways and
i ncreasing t he paneity SEMdmages taker refore thernmbanmealing
have shown large melamine crystads> 10 nm) that disrupt the electrical conductivity.
After thermal annealing, more homogeneous topography was obsethiet,accounts for
the improved conductivityThe film thickness and surface roughness were reduced after
annealing, as revealed by AFM imaging. The quadratic average surface roughness
parameterR,) decreased from 789.1 nm to 289.1 nm, typical of ink sintering and stabiliser
removal. This indicates thaertical surface irregularities including peaks and valleyis

decrease, improving the inkjet printed film uniformity and consistency.

It is well-known that carbon nanomateridiased films are great candidates for IPL
annealing, as they strongly absamkthe visible part of the spectrum. Exposing the printed
patterns to IPL with energies in the range B@DO J (without previous thermal treatment),
the sheet resistance was reduced only to around 43 % of the initial value. Increasing the IPL
energy abwe 600 J caused a resistance increase, suggesting that the conductive film was
damaged by such a strotigL intensity See Figure S3 in Appendix)liCompared to
t her mal annealing, which by itsé virtue sl o
treatmen 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 ther
(2500 V, 700 J) we managed to significantly reduce the sheet resistance of our inkjet
printed films to 5.0 0.3 KW sd* (10 overprints) and 626 106 W sd* (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). Finalig a proebf-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 momptex systems.

3.3. Development of a planarsolid-contaction-selective electrode

The developed graphene ink was next incorporateal the design of a planar ion
selective electrodand testedThe second objective of this research was to develop an
inkjet printing fabrication protocol fosolid-contaction-selective electrodes and showcase
their applicability in real sample analysis. Stafdhe-art ionselective electrodes are

planar layered structurdseeChapter 2.3. Solidcontact ion-selective electrodelswith a

well-defined electrical contacdplid-contactand a receptor.

The research papen Appendix Il presentsa scalable and lowost route for
fabricating flexible ammoniurselective electrags by inkjet printing silver electrical
contacts and MGNS ink. Our preference &octarbon nanomateriddased transducer over
conductive polymers stems from their high specific surface area and excellent
hydrophobicity. Particularly, high specific surfacgea paired with high electrical
conductivity is a key property for high electrochemical double layer capacitance, the
characteristic signal transduction of cardo@a s e d transducer s. The
hydrophobicity is an important property for the stapildgainst a thin watdayer
accumulation at th&C |1 SM i nt er f ace, which is the most

failure.

Commercially available silver ink was inkjet printed onto polyimide substrates and
cured with a single IPL pulse (400 J, 2500 F)ectrodes having a working areath a
diameterd = 6 mm were decorated by inkjet printing MGNS .iflkhe electrodes were
annealedby a combination of thermal annealir@00 AC for 1 i and IPL (single pulse at

2500 V and 700)J Finally, the ammoniurselective membrane was dropst onto the
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inkjet printed electrodes, givingn SGISE. The overall electrode fabrication and the
demonstration of t he sire Rigue rl oBbApdendie Xlli Toi | ity a
determine the inflence of the inkjet printed MGNS solantact on the electrochemical
characteristics of inkjet printed sensors, we cast the ammeselentive membrane

directly onto inkjet printed Adeads. Thus, coatedire electrodes were preparddr

comparison

The ©nkjet printed MGNS solid contact material was characterised using
electrachemical impedance spectroscotS measurement was done in a treltrode
electrochemical cell consisting of a $8E or CWE as a working electrode, a conventional
double junctim Ag/AgCI/KCI/NaNG; 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 slowprocesses (diffusion within the membrane), respectively. The Nyquist
plot of both electrode configurations shows a typical {ifgquency semicircle arising
from bulk ionselective membrane resistancBy ) in parallel with the geometric
capacitance afhe membraneGy) [133]. Rouk represents the contact resistance between the
ISM and the electrode surface of the CWE, or the ISM and inkjet printed MGNS solid
contact, for SASE. It is obtained from the Nyquist plot as the impedance value where the
semidrcle touches th&-axis. As can bseen in Figure S2 in Appendix IV, by includitige
MGNS solid contact in the electrode structure, g« falls from 7.31 MV to 4.30 MA.

The influence of the solid contact on the {nequency phenomena, including the -ton

electron transduction, was depicted as the-fimguency part of thdod ® spectra a
quantified as the change of impedance modultis[1B4]. Clearly, ¥| decreasesitfter

introducing the MGNS solidontact, indicating that inkjet printed MGNS ink assists the

charge transfer between the iselective membrane and the electrode surface.

A single electrode calibration (SISE) in the concentration range of MNE 102
10* mol dm® was repeated three times (inteproducibility assessment). A reliable
potentiometric response was obtained witb{NH,CI) = 10% i 10* mol dmi® with a
sensitivity of 52.045 0.525 mV del (R = 0.9976). The lower limit of detection 6.1
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mmol dm® was calculated according to the IUPAC recommendations for potentiometric

probes. Separate solutions method was used f

coefficient, 0 . for the most common interferents in biological and environmental

samples, KCI, NaCl, CagIMgCl,. All the 0 i (given in Table 1 of Appendix lligre

lower than 10", showcasing that the sensor is highly selective to its target ion.

Developing a salable sensor production protocol, one needs to consider the
reproducibility of the production process, which is defined as the response reproducibility
between electrodes. The intectrode reproducibility is expressed as the standard
deviation of thecalibration curves (including thg®, dynamic linear range and sensitivity),
obtained from multiple equally prepared sens
prolonged measurements should be reduced as much as possible. We have prepared a batch
of SGISEs and evaluated the intelectrode reproducibility by recording the potential
response of three electrodes<3) in 10 mM NHCI for three hours (the first contact with
the solution was at= 0 h). The potentiometric timteace of these electies is shown in
Figure 3A in Appendix lll. At = 3 h, the measured potential range was 19 mV, and a mean
drift value of10.393 mV Kh'. We ascribed this nenegligible interelectrode response
discrepancy to the redeactive impurities in the MGNS solidontact material (residual

melamine and its damonation products).

To improve the inteelectrode response discrepancy, each electrode was
chronoamperometricallgolarized 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, pomoting the hydration and saturation of the ISM layer with primary ions,
but preventing the incorporation of sensor primary ions into the MGNS trandd3&&r
Indeed, the positive effect of the electrode prepolarization is shown both on titermid
potential timetrace (Appendix lll, Figure 3B). Aftgorepolarization, 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 calibratiovesu(see

Appendix lll, Figure 4). Thecalibration plot of unpolarized electrodes shows a super
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Nernstian respons@4.52 mV/pNH; R? = 0.9823 in the low concentration range,' 10
10% mol dm® and asubNernstian responsin the high concentration rge (36.289
mV/pNH,; R® = 0.9996) The superNernstian responsi the lowconcentration range
arises from the ion influx into the ISNhdicating the concentration gradient of the primary
ions within the ISM; while thesubNernstian responsat high NH-ion concentrations
indicates that the membranda® saturated with the primary ians

The extension of the eltet0fi Wdemd dn®dynamic
along with loweringof the lower detection limit to 0.88 0.17 nmol dm® were the
positive outcomes of electrode prepolarizatidhis is an indicator othe loss of membrane
fluxes which is necessary for arp@ropriate sensor functioninginally, the sensitivity
increased to 55.594 0.429 mV del (R? = 0.9856)

Water layer tests were made witte CWE and SASE. The open circuit potential
was monitored during 15 hours of the electr
solution (10 mM NHCI) for 5 hours, then with an interfering ion solution (10 mM NacCl)
for two hours, and finally in the primary ion solution (10 mM /€ for 8 hours gee
Figure 5A in Appendix Ill). 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
pronourted drift of 16.02 mV H in an interfering ion solution was observed, &3d98
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 measurad drift
NaCl was 4.00 mV H, and in NHCI 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 sensor séurementggponsi bi | it
cycling the standard s ol%andil® meldn®¢seerFigeent r at i o
5B in Appendix IIl). The original EMF of 173 mV remained stable with 0.59 % relative

standard deviation, indicating excellent reversibility and ndgédgnysteresis 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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nitrogeni which includes unionised ammonia, Nidnd ammonium ion, NH i 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 cautseghication of watr systems

and air deposition causing respiratory and skin issues in hytigéis 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 referenceoppetbmetric
method and the potentiometric method, using odnadnse fabricated SGGE. For the
potentiometric method, the thrpeint standard addition method was used. The response
time of the sensor, as calculatedtgsvas 13 seconds, making the posed method time
efficient. The method validation esented in Table 2 in Appendix Ill, as@mparison of

the reference and potentiometric method. Our potentiometric method resulted in
ammonium ion concentration 30.611.30 mM (n = 3), differing by less than 4% from the
value obtained with the reference method. With, this validated our fabrication approach

and analytical procedure, opening the doors tgitnmeasurements 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 dlemging part of the layered sensor construction is the
automated deposition of an iselective membrane. The established -3efective
membrane composition is based on a plasticised poly(vinyl chloride) matrix that holds the

components responsible foreth sensor s o anal ySectiona?.1.1.r eSpons

Conventional ion-selective electrode design The membrane cocktail is usually prepared

containing in total 15 wt.% of the solute in a highly vo&tibrganic solvent,
tetrahydrofuran. This composition resulted from decades ofsetective electrode

development and holds for both the theoretical and empirical knowlétiye. recently,
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protocols for controlled deposition of the ISM either by inkjetnfing 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, isigvdown the overall electrode

production.

In the research articlpresented in Appendix V, weptimised the polymeric
membrane composition for the automated production using the dispensing robot system and
developed a method of tracking membrane dryireth®& 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, daetto its
high boiling pointi allows for better mapulation of membrane formulationg 37].
Membranecocktails prepared with different rations of cyclohexanone and WdFe
automatically dispensed onto photographic papertlagidtopographywasevaluated using

the colorimetric absorbance methti38].

The 3D absorbance plotare given in Figure 2 in Appendix VWhen
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 edge of the droplet and accumulation of plasticised polymer particles in a characteristic
ring structure. Dropletsd structure homogen
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, indicatingstheobvent

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 compsitions. The volume of a single droplet was estimatedtd&®e 0. 20 eL; t h
wet membranesd thicknet68&s5wemeg andtbdei eanm

thicknesses were intherange 10657 . 2 € m.
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In tandem with fabricating the electrical leadsdatransducers 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 practic#,iocaselective 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 cosifjon 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 dvepecast onto two adjacent
screelppr i nted el ectrodes. 1 eL was cast on eact
forming a continuous membrane and an electrical bridge between electrodes, as
schematicallyshown in Figure 1 in Appendix V. In doirgp, we prepared a twalectrode
cell for accurate impedance measurements of small volume samples. Because the polymeric
membrane contains volatile (THF, CH or MIX) and nadatile components (PVC,
plasticizer, valinomycin, iomxchanger, 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 primgle, consecutive higfrequency impedance
measurements were recorded at successive time intervals, starting at the moment of
membrane casting. THRod ® pl ot {gpdrsassfrequemcyygdf BHF, CH and
MIX membrane is showron Figures 3A, C and Eh Appendix V. Regardlessf the
membrane solvent, the phase angletat 0 strongly depends on the measurement
frequency: starting af = 10° Hz, phase angl e approaches 90A,
behaviour; at one order of magnitude lower frequency, phaseg | e appr oaches
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 stemsthe bulk membrane resistance. Thus,

plotting the absolute values of impedaniZé measured at £z as a function of time we
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obtained evaporative drying (impedance) profiles of the three meml{seee&igures 3B,

D and F in Appendix V). Theanpedane profiles of the three membranes consist of two
parts: the I mpedance gradient reflecting the
dried membranesdé plateau. The sttarOtsiwasg me mbr
2.09 N 0.18 MgO0O% TMd&)( QHYS5 &nd 1.98 N 0.83 M |

Polymeric membrane evaporative drying is explained by Fickian diffusion model
and freevolume theory. In particular, the rate of diffusion of a volatile solvent (THF or
CH) is determined by the free volume withime polymer matrix, which is unignorably
expanded by a newolatile liquid plasticizer, DOS. Evaporative drying profiles of both
THF- and CHbased membranes were successfully described by secdadpolynomial
fits (see Table S1 in Appendix VI). The tyoofiles differ due to the extreme difference in
the respecti ve s-basedmentbrani compldtety dried withinyess thama-
minute (f| = 5.14 0.27 MW), while the CHbased membrane reaches the impedance
plateau in 23.2 minuteZ(|= 5.8 0.19 MW). 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 solventtinsport from the bulk of the membrane

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 orgeftynomial (see Table S2 in Appendix VI).
The halved volume of THF evaporatabnostinstantly, lowering the diffusivity of the
remaining cyclohexanone within the membrane and leaving the drying profile dominated
by the less volatile solvent, cyclohexanoneeThi mpedance pl ateau (5.6

reached in 11.5 min, aligning-ovyisystem.t he dr yi n

Potassiurrselective membrane cocktail was prepared in a THF:CH mixture. The K
ISM was automatically dispensed onto screen pringgdon electrode arrays in one, two,
three, four and five spotsoéVaepezl0tdlons Trkac
membrane thickness of a single spgotz 16 1 e m was esti mated wusir

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 &€Cl. Figure 4 in Appenct V shows thecalibration 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. Thanstard deviation of® values improved from
15.183 mV de'd for a single spot to 4.024 mV del 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 caried in clinically relevant interferents, including Na

cd* and Md*, indicating good selectivity towards'kons (sedrigureS4 in Appendix VI).

3.5. Development of a planar solidcontact reference electrode

The final objective of this thesis was to deyebp planarsolid-contactreference
electrode to be paired with the developed printed ISEs. In practiceREGabrication is a
multi-step process which includes A¢gctrical contact deposition, annealing, chemical (or
electrochemical) chlorination, wasly, 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 protectivea@irated

reference element of 8CGRE, & discussed inChapter 2.4. Solidontact reference

electrodesAdditionally, it is possible to construct a complete reference element within a
PVB membrane and deposit it onto an electrically condecnhaterial (not necessarily an
Ag-based material)[59]. This significantly simplifies SGRE fabrication, which is

something one should aim for when considering the commercialigaigsibilities.

Theresearch papan Appendix VII exploreghe possibility of a unique reference
membrane preparatiooy using IPLand its application to inkjgtrinted electrodesThe
Ag/AgCI pair within the PVB matrix was formed instantly, within @4 of exposure to IPL
as a light source for the photoreductafmAgCl. In particular, 250 mg of NaCl and 250 mg
of AgNO; were added to a 10 wt.% methanol solution of PVB (5 mL) and bath sonicated in

dark conditions for 30 minutes, during which a white suspension of AgCl was formed, with
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NaCl crystals in excess. FoWing this, the obtained suspension was subjected to a single
IPL flashlight pulse, as the applicability of IPL for (metal oxide) reduction has previously
been demonstratgd39]. Figure 2 in Appendix VII showthe reference membrane color
change as the IPlight gets stronger: the higher the intensity, the darker the membrane
becomes, due to formed Ag nanoparticle growke have confirmed the silver
nanoparticle (AgNP) formation by detecting its characteristic peak at 41@eenFigure

S1 in Appendix VII).

The reference membrane flashed at different intensities wascdsbmnto a glassy
carbon electrode, dried and subjected to the OCP measurements in KCI solutions within
10'* to 102 mol dni® concentration range. Treating the membrane with high iityelight
pulses (energies > 200 J) pushes the degree of AgCl reduction %fogiking the
membranes with an excess of AgNPs. Such electrodes gave high response slopes,
indicating a response to 'Gbns. Using utterly gentle IPL energies of 100 J at 2000/&
were able to significantly reduce the electrode responsée ior@l This is because at such
small light intensities only a part of AgCl was reduced td, Agving Agdi AgCl clusters,

which are responsible for the characteristic reference electrodeibet{59].

The reference membrane (100 J, 2000 V) was-desp onto glassy carbon and
inkjet printed Agelectrode, givingGCi RM and PERM, 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 dii KCI is shownin Figure 3 in Appendix VIIBoth GQ
RM and PERM show a pronounced potential drift upon the first contact with the
conditioning solutionThe potential response of the two electrofidly stabilises already
within 3 minutes for PERM, and 40 minutes for GRM.

To better understanthe differences between the two electrodes, before and every
hour during conditioning, the electrodes were moved to 0.1 mBi aimd EIS spectra were
recorded EIS spectra of the two electrode types are shiowfrigure 4 in Appendix VII.

EIS spectra of GRM prominently changed during the first hour of electrode

conditioning. Att = 0 h, the Nyquist plot forms a semicircle impedance arc typical of
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materials with high charggansfer resistance. One hour into conditioning, the impedance
spectra are composexf 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 transgdaA0]. Worth noting is that the spectra
dominated by the low frequency line indicates a system where the iosidaliffis a limiting

process. The most prominent change in the EIS responsei®MbG betweert = 0 h and

t = 1 h; this follows the potential trace during the conditioningt At1l h, the potential
stabilises, and the impedance changes are minute. Th&dguency capacitance of the

conditioned electrode was calculated to be 44102

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 ADAgCI clusters and an excess of NaCl.iAgCI clusters are the
heaviest membrane component. As the cast membrane dries on the electrode surface, Ag
AgCl clusters fall to the electrode surface; spreading there, they form a continuous
coveage, governing the ieto-electron transduction process. At the same time, the excess
of NaCl provides a constant internal chloride concentration responsible for the reference
el ectrodesd potenti al stability. sbucturalng c onoc
changes, as indicated by the promoted ion diffusion within the membrane. As the
membrane is fully wetted, the slow diffusion of idmstween the membrarmilk and the
surroundingsolution maintains a steady ion exchange without significant ti@plef

internal electrolytes, ensuring potential stability over time.

As shownin Figure 3B in Appendix VII, the potentitime trace of the PERM
stabilised notably faster compared to thei@@l. Likewise, the impedance values (see
Figure 4B in Appendix W) were threeorders of magnitude smaller already within the first
contact with the electrolyte. The impedance spectra GfRIRE practically lack the low
frequency semicircle and are dominated by a straight line, showcasing the same trend of

increasing slpe as the conditioning continues. The low frequency capacitance of the

73



conditioned electrode (related to the diffusion processes) was calculated to Iné.690
Since both the inkjet printed and rod electrode were decorated with the same membrane,
similar maphological changes resulting from ion uptake are expected. Both electrodes
showed EIS spectra typical of diffusi@ontrolled processes, but at significantly different
impedance and loMrequency capacitance valudhe improved conductivity observed in

PEI RM suggests better electrical contact betwésn 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).

GCi RM and PERM were subjected to drift measurements it Ifiol drmi® KCI
during 8 hours. The results of the test are shmwippendix VIII, Figure S3. Throughout
the test, PERM kept a stable response with a low drift valug 02464 mV h'. On the
contrary, GERM response deteriorated after two hours of immersion, indicating an
electrode failure. We performed a leakage study witli RB@ (see Figure S4 in Appendix
VIII) to resolve whether this failure stems from' Gakage from the reference membrane.
The leakage test was carried out in deionised water by the conductivity reveasts
during 4 hours of the electrode immersiémart from the initial increasa conductivity
upon immersion (probably dissolution of surface NaCl), no significant chageends
were observediuring the measurement, indicating that the PVB matrix sufficiently holds
the membrane components. Instead, we attributed th&R®Cfailure to partial
delamination of the reference membrane from the smooth glassy carbon eleatfack su
Indeed, even though both PE and-@€ctrode show similar adhesion parameters with the
RM (see Table S1 in Appendix VIII), tfeM adhered much stronger to the rough-138
surface due to the interlocking with Agyains.

We measured the responsebgity tests for both GCRM and PERM in several
salts, including KCI, NaCl, Cagland NaNQ. The response plots and slope values are
givenin Figure 5 and Table 1 of Appendix Vhespectively. Both electrode designs gave
slope values < 4 mV dEg indicaing sufficient response stability in the broad ion

concentration range (10i 102 mol dm®). The interelectrode reproducibility oE° value
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for PERM (n = 3) in all tested electrolytes was less than 5.63 mV. Finally, the electrode
response to pH chang@vasabsent in the 2 10 pH window (see Figure 6 in Appendix
VII).

Finally, two proofof-concept experiments were performed to showcase the
applicability of the proposed reference electrodes in conventional electrochemical
experiments. First, we calibest a commercial sodium selective electrode usingrRMCor
PE RM as a reference electrode. As can be seen from the respective calibration lines
(Figure 7A, Appendix VII), regardks of the reference electrode, a response slope higher
than 55.57 mV décin the dynamic linear range from'f@o 102 mol dnl® wasobtained.

Next, areversible electron transfer reactiofi[Fe(CN)]*’* on a polished glassy carbon
electrode was recorded in a thigectrode cell using either PEM or a commercial
reference electrode and an auxiliary platinum electrode. The obtained cyclic
voltammograms were analysed by comparing gegleak separation gpential QOEp),

giving the difference for the two measurements smaller than 3 % RSD. The measured
current peak valued,, of the investigated redox system were used to calculate the
geometric surface areA)(of the working electrode using the Rand@elvi k equat i on.
relative standard deviation & 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 doctoralresearchwas conducted in the context of current trends in the
electrochemical sensor community, specifically focusing on the construdtioin
potentiometric sensors Nowadays, the reported potentiometsensorshave achieved
fantastic characteristicddlowever, only a few ofthese innovations ever see practical
application beyond the labs in which they originated. Certainly, there is a challenge yet to
be solved:developng a suitable mass production methadd 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 procesxcsptionally

adaptable, costfficient and sustainable, and putvi@rd 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 thebce nanomaterial of choice, graphene nanosheets
were quickly andnexpensivelynechanochemically derived and successfully dispersed in a
combination of green solvents, specifically accounting for droplet formation and printed
pattern uniformity. The proped MGNS ink was thoroughly characterized by density,
surface tension, viscosity and absorbance measurements. 6 howtershatability was
sufficient for the overall printing process and was easily restored after a month resting by a
short treatment wh a tipsonicator. We successfully printed our ink onto polyimide and
PET substrates. We have shown that solely photonic annealing was not applicable for
restoring the printed pat tlightningfast reenbvalcof r i ¢ al
ammonia leds to the removal ahe graphene film from the substratdowever, with an
optimised combination of thermal and photonic annealing, we managed to lower the sheet
resistance t626 106Wsd* for 20 overprints, indicating a great potential for furthes us

in potentiometric sensars

An ammoniumselective soliestate electrode fabrication protocol was developed,
relying on inkjet printing silver electrical lines and our optimized MGNS ink printing and
annealing protocol. With this, the hypothesishat impoved analytical performance of

ion-selective electrodes can be achieved using carbon nanomaterials as inkjet printed solid
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contacti was tested. EIS experiments have shown that inkjet printed MGNS layer
sandwiched between an inkjet printed-@lgctrode cotact and an ammoniuselective
membrane improves the charge transport, facilitating the electrochemical double layer
based iorto-electron signal transduction. Moreover, due to the inherent hydrophobicity of
graphenebased nanomaterials, the detrimentatuwrence of a thin water layer was
significantly reduced. We validated the external electrode polarization as a means of
improving the interelectrode reproducibility; the standard deviatiorOofwas improved to

5.1 mV, making it comparable to the retgaf literature. Our electrodes have shown a wide
linear operating range of 10 10'* mol dri® and a lower limit of detection of 0.88 0.17

O mo | " d@hem proposed sensors were successfully used in ammonium ion determination
from real samples, such aditial 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 camipeothe welestablished
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 i@bic absorbance
method. Amixture of THF and cyclohexanors equal volume ratiogave membranes
with the highest degree of uniformityjthout coffeering structuresin addition to that, we
proposed a novel protocol of tracking ieelective membranevaporative drying by
performing timeresolved higHrequency 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 evapdirateand is followed by
cyclohexanone evaporation, resulting in a membrane drying profile governed by the least
volatile solvent. The utility of impedandesed tracking of membrane drying lies in the
ability of this method to pinpoint the exact momehtreaching the completely dried ion

selective membrane. Thus, the mixed solvent membrane was completely dried after 11.5

s



minutes, highlighting the rapid character of the proposed production protocol. The
membrane cocktails with optimized solvent compositivere robotically deposited onto
screen printed carbon electrode arrays. A single spot of a potassieative membrand/(

= 0.20 OL) was enough to achieve the desired

The final hypothesis of this research was to prepare ai@neference 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; and NaCl as a source of Agnd Cl ions, respectively. Herein, we tested whether
we could induce a photochemical reduction of the fromed AgCl thusing extremely
shorttime light pulses from the IPL system. Indeed; AgCI clusters responsible for the
reference electrode potential stapiwere obtained afte®l ns treatment with IPL, as
confirmed by U\WVis and OCP measurements, which significantly reduces the time needed
for the photochemical reaction exhibited in the literature. A thorough analysisrfaice
changes at the RiMlectrdyte interface during conditioning using EIS was presented,
bolding a more reliable electrical contact for an-iAkjet printed electrod¢ RM system,
compared to a glasssarbon rod electrodeRM system. These findings were confirmed by
mid-term stabiliy tests in KCl wherghe glassy carbebhased RM exhibited drift after 2 h,
while the inkjetprinted variant showed enhanced stability with dr0y2464 mV drift over
8 h. Regardless of the conducting substrate, the electrodes maintained potential stability
within N4 mV over a tenfold i KE,NaG,€ahi n conc
NaNGs). Electrochemical characterization confirmed the applicability of iAbjetted
electrodes in both potentiometric and amperometric setups. These findingstsap

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 fatmigaibtocols.
All of the proposed research hypotheses were successfully confirmed and the research
objectiveswere 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 @njptentiometric sensing

platform that includes the deposition of electrical leads and solid contacts by inkjet printing
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and the iorselective and reference membranes by automated dispensing. With this, printed
sensor integration into microfluidic devicasd wearable devices will be enabled.
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5. LIST OF ABBREVIATIONS,
SYMBOLS

i thedistance of th@rinternozzle to thesubstrate
@ T ion activity

0 I geometric surface area

AFM 1 atomic force microscopy

AgNP1 silver nanoparticles

AuNP1 gold nanoparticles

I T ioniionophoreequilibrium constant

0 1 redox capacitance

CI1J71 continuous inkjet

0 1 low-frequency capacitance

CP1 conductive polymer

CRE!T coffee ring effect

CWET coatedwire electrode

YO i peakto-peak separation potéal

Y+ i phaseboundary potential difference

DLST dynamic light scattering

DMF 1 dimethylformamide

DMSO1 dimethylsulfoxide

DoDi dropondemand

DOST bis(2-ethylhexyl sebacate)

O 1 standard electrode potential

O i the diffusion within theon-selectivemembrane
EIST electrochemical impedance spectroscopy
‘O 1 liquid junction potential

O T membrane potential

O 1 phase boundary potential

ACRONYMS, AND
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—1 dynamic viscosity

- T molar extinction coefficient
—1 dynamic viscosity

"Oi Faraday constd

fi frequency

%ol electrical potential

FIM i fixed interference method
FLA T flashlight annealing

[ T surface tension

GCiRM 1T glassy carbon electrode modified with a reference membrane

GO1T graphene oxide

‘Q electrical current

IJPT inkjet printed

‘O peak current

IPL T intensive pulsed light

IR T infrared

ISET ion-selective electrode
ISM T ion-selective membrane

Qi ion partition constant
0 T potentiometric coefficient of selectivity

LOD T limit of detection

MGNS1T melamineintercalated graphene nanosheets
* T chemical potential

* 1 standard chemical potential
NMP i N-methyl2-pyrrolidone
o-NPOET o-nitrophenyl octyl ether
" T fluid velocity

OCPi opencircuit potential

0"QF Ohnesorge number
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PDMSi poly(dimethylsiloxane)

PE RM 1 inkjet printed electrode modified with a reference membrane
PEDOT:PSS poly(3,4ethylenedioxythiophene):polystyrene sulfonate
PENT polyethylene naphthalate

PETT1 poly(ethylene terephthalate)

PIT polyimide

PVBT poly(vinyl butyral)

PVCi polyvinyl chloride

RE reference electrode

Y'Q Reynolds number

RM i reference membrane

" 1 massdensity

Y 1 total resistance

SCGISET solid-contact ionselective electrode
SCgRET solid-contact quasieference electrode
SGRET solid-contact reference electrode
SEBSI styrenéethylené butadienéstyrene
SEMT scanning electron microscopy

SSMi separate solutions method

ti time

“Yi thermodynamic temperature

O T response time

"Y1 glass transition temperature

THF 1 tetrahydrofuran

-1 phase angle

V1 volume

WwQWebber6s number

WLT 1 waterlayer test

@71 impedance

& 1 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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Counts

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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os 03
H E
a M =02
3 ®
= o3 8
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187 nm ¥ 14 nm 14 nm
o0
o1
00 9%
0 a0 © ® “ % ®
Width / nm Widht / nm Widht / nm

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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