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ABSTRACT: Inkjet printing technology has emerged as an alternative manufacturing method for low-cost production of
electrodes. Despite significant progress, there is still a lack in the production of ion-selective electrodes. Herein, the two-
step fabrication of the first inkjet-printed sulfide-selective electrode (IPSSE) is described. The two-step fabrication con-
sists of printing a silver path followed by an electrochemical deposition of sulfide to produce a second kind electrode
(Ag/Ag.S). The performance of this novel device was tested using potentiometric measurements. Nernstian response (-
29.4+0.3 mV-decade™) was obtained within concentrations of 0.03-50 mM with a response time of ~3 s. Furthermore, riv-
er/sea-spiked environmental samples and samples from a bioreactor for sulfate reduction to sulfide were measured and
compared against a commercial sensor giving no significant differences. The IPSSE described in this work showed good
reproducibility and durability during daily measurements over 15 days without any special storage conditions. Consider-
ing all the current challenges in inkjet-printed ion-selective electrodes, this different fabrication approach opens a new
perspective for mass production of all-solid state ion-selective electrodes.

INTRODUCTION al configuration makes them a bad choice for on the field
analyses. Nowadays, breakthrough technologies, such as
microfabrication and printing techniques have led to
more automated sensor fabrication procedures.*® With
these technologies, typical requirements, such as repro-
ducibility and repeatability are met in a miniaturized
fashion, which in turns allow them to be used in broader
situations. Therefore, their potential is spotted and the
feasibility of its commercialization has increased expo-

Modern manufacturing processes have left wide-spread
hazardous compounds across the globe. Sulfide, which is
present in several waste waters, have gain significant
attention within the scientific community due to its tox-
icity." The over exposure of workers involved in decon-
tamination processes in sewage treatment plants and the
direct impact in rivers and streams has triggered the

. nentially.
alarms. Therefore, production of durable, fast and robust Y o o
sensing platforms to track sulfide concentration across Among others, inkjet printing Fechnology has emerged
the environment has become a global concern. as a standard method for production of low-cost electron-

ics. Inkjet printing constitutes a contactless, additive
process with the capability to deposit microdroplets of
ink on a substrate following a digitalized predefined pat-
tern.®” Ink formulations are composed by materials that
can be dispersed, suspended or dissolved in a liquid with

bility, repeatability, robustness) regarding the perfor- defined properties (viscosity, surface tension and boiling

: . . point). In fact, electrical conductive paths can be inkjet-
mance of the analytical assays. Moreover, their o'geratlon— :
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Manufacturing of electrochemical sensors has repre-
sented a hot topic during decades. ** Traditionally, elec-
trochemical sensors were home-made using metal wires
for their subsequent use in the laboratory. Those hand-
crafted sensors lack certain requirements (e.g. reproduci-
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printed from a wide variety of materials, from metals to
conductive polymers.**"° Moreover, different substrates
can be used depending on the final application of the
electronics. In this context, flexible substrates excel
thanks to their adaptability to different situations and
their cost-efficiency.™” Overall, inkjet printing allows in-
situ digital modification of the complex printed patterns
removing the need for mask, outstripping other tech-
niques with that dependence. The use of mask-less depo-
sition not only helps with the capability of changing the
motifs on demand during the prototyping process, but
also leads to an efficient use of materials and waste elimi-
nation.” With this outstanding technology available, the
challenges to control all the parameters that affect the
reproducibility and durability of the sensors are addressed
alongside with achieving a substantial fall in prices.
Thanks to all those benefits inkjet printing technology
give, techniques such as potentiometry are coming back
to play an important role.

Traditionally, one of the most used sensors so far are
ion-selective electrodes due to their operational simplicity
and reliability."*" Their capability to measure a defined
ion in highly complex matrices with high selectivity
makes them appealing for any required situation. This
kind of electrodes measure potential differences associat-
ed with permselective mass transfer across a phase
boundary.” Depending on the nature of this phase
boundary, ion-selective sensors are classified in different
groups (glass membrane, crystalline membrane and pol-
ymeric membrane).” Over the above phase boundaries,
the one that has attracted more attention is the polymeric
matrix. For instance, Sjoberg et al.”® described the fabrica-
tion of a potassium-selective electrode by means of inkjet
printing. Authors demonstrate the importance of the
methodology used for deposition of a homogeneous solid
contact (poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate) between the ion-selective polymeric membrane
and the transducer (gold). Another daily used worldwide
potentiometric sensor (pH) has also been extensively
investigated. Qin et al."” successfully developed a Pd-
based printable ink and described the fabrication of a
Pd/PdO inkjet-printed electrode with excellent response
against H'. Although many efforts have been done to
produce polymeric and glass-based potentiometric sen-
sors, there is a gap in the production of second and third
kind ion-selective electrodes.

Herein, the two-step fabrication of the first second kind
Ag/Ag,S inkjet-printed sulfide-selective electrode (IPSSE)
is described. Despite the challenges, the device was suc-
cessfully fabricated by printing a silver path followed by
an electrochemical deposition of sulfide. Interestingly,
advantage of the nature of the conductive printed ink was
taken. The morphology of the device was characterized by
scanning electron microscopy (SEM) coupled with ener-
gy-dispersive X-ray analysis. Furthermore, the electro-
chemical performance of the sensor was evaluated with
potentiometric measurements in standard solutions and
in real environmental and biotechnological matrices.

EXPERIMENTAL SECTION

Materials and chemicals. All chemicals were com-
mercially available and were used without further purifi-
cation. Sodium sulfide nonahydrate (98%, Na,S-9H,O),
sodium hydroxide (98%, NaOH), sodium thiosulfate
(99%, Na,S,0,) and starch were purchased from SigmaAl-
drich. L(+)-ascorbic acid (99%), potassium iodide (99%,
KI) and potassium iodate (99%, I0,K) were purchased
from Panreac (Spain).

Silver nanoparticle ink (PE410) was purchased from
DuPont, Korea, and an SU8 ink (2002) was purchased
from MicroChem, USA. Teonex Polyethylene Naphthalate
PEN films (Q65HA) with a thickness of 125 pm and a
surface pre-treatment for improved adhesion was pur-
chased from DuPont Teijin Films.

Sulfide standard solutions and standardization.
Aqueous solutions were prepared employing deionized
Milli-Q water (180 MQ-cm™). Stock solution of S* (1 M S*)
was prepared by dissolving 24.5 g of Na,S-9H,O in 100 mL
of a 1 M NaOH solution. Standard solutions of S* were
daily prepared by dilution of the stock solution in sulfide
antioxidant buffer (SAOB). The SAOB was prepared by
mixing 40 g L™ (1 M) of NaOH (increasing the pH up to 14
which ensures that the predominant specie present in
solution of the acid-base equilibrium will be S*) and 10.1 g
L™ (0.05 M) of ascorbic acid (which act as an antioxidant
to avoid the presence of other sulfur oxidized forms).

The determination of the real concentration of the
stock solution of sulfide was performed applying an io-
dometric method according to the Standard methods.*

Briefly, standardization of a Na,S,0, with I, takes
place. Then, Na,S,0, standardized solution is used to
determine the iodine produced by the reaction of sulfide
with iodide.

Electrode fabrication: Printing procedure and sul-
fide electrodeposition. The two-step fabrication (Figure
1) of the first IPSSE consists of printing a silver path and
an insulator followed by an electrochemical deposition of
sulfide to produce a second kind electrode (Ag/Ag.S).

Silver electrodes were prepared by using a drop-on-
demand inkjet printer (DMP-2831 Dimatix Fujifilm, Santa
Clara, USA) and a disposable cartridge (DMC-x°11610)
containing 16 individually addressable nozzles with nom-
inal droplet volumes of 10 pL. The printing processes were
carried out in a standard laboratory environment in am-
bient condition. The IPSSE were printed over a flexible
and transparent PEN substrate using a commercial avail-
able Ag and SU8 inks. Printing parameters (cartridge
temperature, piezoelectric nozzle voltage, frequency, etc.)
were optimized for both employed inks. The active work-
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ing electrode area delimited by the SU8 insulator is 2 mm
per 1 mm (further details, Figure S1).

Previously to begin the printing steps, silver and SU8
inks behavior was studied by printing a predefined line
pattern over the PEN substrate. This test print pattern
allows to know which is the drop spacing (DS) required to
print a continuous line, and so the thickness and width of
lines. These parameters basically depend on the surface
energy of each ink on the desired substrate, so it is man-
datory to do it before each printing. In the first step of the
printing (Figure 1A) the active working electrode area,
track and pad were printed with Ag ink using a DS of 30
pm. During printing of the silver layer, the substrate tem-
perature was set to 40 °C in order to promote the begin-
ning of evaporation of the ink carrier and thus to increase
the pattern resolution. The completely evaporation was
done outside the printer, at 100 °C during 10 min using a
hotplate. The inks contain different solvents, so, this dry-
ing step is necessary to achieve that all solvent molecules
absorbed on the nanoparticles are completely removed.
After the drying step, the patterns were sintered for 20
min at 140 °C. This sintering step is considered necessary
to lower the resistivity of the ink, and although high tem-
peratures can achieve better conductivities, with the se-
lected sintering conditions, it was achieved a resistivity
down to 10 pQ-cm. Afterwards, the insulator layer was
printed over the silver tracks (Figure 1B) to precisely de-
fine the active area of the working electrode. The insulat-
ing SU8 UV curable ink, was printed using a DS of 15 pm.
The SU8 achieves a high chemical resistance and a high
thermal stability after a soft bake at 100 °C for 5 min and a
UV curing of 15 seconds where the layer polymerizes by
cross-linking.

The electrochemical deposition (Figure 1C) was car-
ried out by a potentiostat/galvanostat AUTOLAB
(PGSTAT204, Eco Chemie, Utrech, The Netherlands)
using chronoamperometry mode applying a potential of
0.7 V during 5 s under non-stirring conditions. A double
junction reference electrode Ag/AgCl Orion 900200
(Thermo Electron Corporation, Beverly, MA, USA), a
platinum-based electrode Crison (Crison Instruments,
Alella, Barcelona, Spain) and the inkjet-printed silver
electrode were used as reference, counter and working
electrodes, respectively. Electrolytic solution used for
electrodeposition was a 0.1 M S” solution with adjusted
pH to 14 using NaOH.

Electrode characterization. Morphological changes
produced by the electrodeposition were observed by SEM
using a MerlinZeiss microscope operated at 5 kV. Samples
for SEM were prepared by simply sticking the substrate
onto the holder with carbon tape. The elemental compo-
sition was determined by Energy Dispersive X-ray Spec-
troscopy (EDX) at a voltage of 15 kV.

Evaluation of the electrochemical performance was
done by a potentiostat/galvanostat AUTOLAB
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(PGSTAT204) using chronopotentiometry under constant
stirring conditions. The IPSSE was used against a double
junction reference electrode Ag/AgCl Orion 9oo200. All
calibrations performed in this research are made in batch
condition with subsequent addition (over 25 mL of SAOB)
of standards S™solutions.

Sampling, spiking and determination in real
samples. River and sea water samples were collected
following ISO 5667-6:2014 and ISO 5667-9:1992, respec-
tively (further details in Table S1). Subsequently, both
samples were filtered through a Millex 0.45 pm filter and
conditioned by dilution with twice concentrated SAOB
(11) to increase the pH up to 14. Afterwards, both solu-
tions were spiked with the same amount of S from the
stock solution to fit in the middle of the calibration curve.
In addition, process samples were collected from the
outlet sampling port of a 2L upflow anaerobic sludge
blanket reactor (UASB) performing anaerobic sulfate
reduction to sulfide using crude glicerol as electron do-
nor. UASB performance at the time of sampling corre-
sponded to almost complete conversion of a sulfate con-
centration of 0.25 kg S m>. Samples from the reactor were
filtered through a Millex 0.45 pm filter and conditioned
by dilution with twice concentrated SAOB (1:1).

Measurements were done by simply immerse the
IPSSE and the double junction reference electrode in the
solutions. The results obtained were compared against a
commercial available Orion 9616BNWP (Thermo Electron
Corporation, Beverly, MA, USA) sulfide-selective elec-
trode using a SBgoMs5 potentiostat (SympHony™, VWR).

RESULTS AND DISCUSSION

Potential applied in the electrodeposition step consti-
tute a key factor in the production of durable Ag,S films.
The first electrochemical deposition attempt was to use 1
V but the film was taken off after rinsing the electrode.
This fact could be explained by the loss of cohesion be-
tween layers due to the overproduction of oxygen bubbles
caused by the water oxidation reaction for potentials
around 1 V. Then, different potentials were applied (0.9
and 0.8 V) until an optimal potential of 0.7 V was found
(Figure S2). Another factor that was crucial is the electro-
deposition time. Long times (+30 s) causes the formation
of Ag/Ag,S until the interface of the polymeric support,
decreasing the cohesion and falling off after rinsing step.
Therefore, 5 seconds was chosen as the electrodeposition
time that gave a robust Ag/Ag,S layer (Figure S3).

The successful electrochemical deposition of the as-
fabricated IPSSE can be easily discerned by naked eye
(Figure 2). A change from a pale grey (Figure 2A) to black
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(Figure 2B) is evidenced. Furthermore, SEM micrographs
show a change in the morphology of the electrode. On the
one hand, the inkjet-printed silver electrode (Figure 2A
center) exhibits a granular surface typical of an inkjet
printing process of nanosized silver particles.” On the
other hand, the IPSSE presents a transformation at the
external surface to a coral-like shape after the electro-
chemical deposition (Figure 2B center).

EDX demonstrates the presence of S after the electro-
chemical deposition (Figure 2B right). The EDX data
showed the appearance of two peaks at 2.3 and 2.7 KeV
corresponding to S aside from the Ag peaks (3.1 and 3.3
KeV) once the deposition occurs.

The IPSSE must accomplish several statements prior to
its use in real samples. A Ag,S-rich surface for the ion-to-
electron transduction based on the following redox reac-
tion

AgsS 5+ 27 © 2495 + 5 (ag)

in which the redox potential is described by the Nernst
equation:

£ po_ 5916

log[s*~]

where E, is the standard potential, n is the number of
electrons involved in the redox reaction and [S*] is the
activity of S* ions in solution. Therefore, the theoretical
sensitivity of the sensor should be -29.58 mV-decade™.
Thus, the electroanalytical performance of the as-
fabricated IPSSE was extensively studied. Figure 3A shows
an example of the time trace of the potentiometric re-
sponse during consecutive additions (every 30 s) of sul-
fide. The corresponding calibration curve obtained for
three subsequent calibrations is shown in Figure 3B. The
calibration curve exhibit a Nernstian response of -
29.4x0.3 mV/decade (+confidence interval at 95%) be-
tween 0.03-100 mM with a detection limit of 0.00 mM
(calculated by intersection of the slope and the asymp-
tote)* in concordance with the expected value for these
kind of electrodes.” Through all calibration curve data,
the confidence interval (y error) cannot be discerned
thanks to its high repeatability. Is it worth noting that the
IPSSE also shows a prompt response of 3 s (Figure S4).
Generally, inkjet-printed electrodes are designed and
produced to be disposable due to their poor mechanical
properties as they detach from the surface and heavily
suffer surface scratching affecting their performance.
With this fact in mind, the durability of the IPSSE was
tested over days (Figure 3C). Systematically, durability
experiments were carried with daily triplicate calibra-
tions. Surprisingly, the IPSSE was able to be reused for at

least 15 days with no extent of the slope greater than 3-
folds the standard deviation (of each daily calibration,
both dashed red line) of the theoretical value (-29.58
mV/decade, red line) in the same concentration range.

Although second kind electrodes are well-known for
their specificity towards the ions that compose the elec-
trode, a simple experiment to ensure the selectivity to-
wards S* over a cocktail of ions (K*, Na*, CI" and SO,)
was performed. Three calibration curves with §* in highly
concentrated background of common ions (10 mM) were
done (Figure Ss). Although slight differences in the slope
existed, no remarkable difference in the limit of detection
(from o0.01, without interfering ions; to 0.02, with interfer-
ing ions) was found whatsoever.

Other factors that have to be studied to guarantee the
validation of a method are repeatability and reproducibil-
ity. Repeatability was tested by the same analyst in a short
period of time. The measurements were done preparing
10 beakers containing the same solution (at three differ-
ent concentrations of the calibration curve) and then the
electrodes (working and double junction reference) were
systematically immerse and rinsed with copious amounts
of water between every measurement. Results of this
procedure are summarized in Table Sz. Confidence inter-
vals (95%) for each point were below 1 mV, which is in
agreement with precision measured with other ion-
selective electrodes.” In this particular case, the repro-
ducibility was studied in terms of the fabrication process.
Three different full fabrication processes separated in
days were done. Results of the calibration curves by tripli-
cate (of each one) gave a mean Nernstian response of
30+2 mV/decade (+confidence interval at 95%). Summa-
rizing, the fabrication process successfully provided relia-
ble sulfide-selective electrodes with potential to be used
in real matrices.

The performance of the new IPSSE was tested towards
real samples. Really different samples were chosen to
showcase the performance of the sensor in different do-
mains. Common river and sea water samples were chosen
as environmental matrices, while samples from the outlet
of the UASB reactor were selected as industrial matrices.
Table 1 show the comparison between the S concentra-
tions obtained with the IPSSE and the obtained with a
commercial available sensor (calibration curve, Figure
S6). Results show that the concentrations of each sample
found with both sensors do not differ significantly at a
confidence level of 95% (statistics detailed in Supporting
Information Statistics Section). In the case of environ-
mental-spiked samples (diluted in the same manner),
they were also measured without the presence of spiked
sulfide by both sensors, giving concentrations below the
detection limits. Furthermore, the recovery rates were
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calculated, 95-96% and 86-88% rates were achieved by
the IPSSE and the commercial, respectively (Table 1).
Overall, the described fabrication methodology demon-
strated to be capable to produce sulfide-selective elec-
trodes (for S” sensing purposes) which can compete
alongside a commercial available one.

Traditionally, sulfide was measured using potentiome-
try. Nonetheless, the phase boundary used was a crystal-
line membrane. The typical procedure to produce that
crystalline membrane was a precipitation of Ag,S from
their respective ionic salts and then a pellet is produced
by applying high pressure to the resulting powder. * This
kind of potentiometric electrodes can encounter some
problems (electrical contact, Galvani potential difference,
mechanical influences...) in their tedious production.”
Moreover, they can be hardly miniaturized, limiting their
practical applications. The trend nowadays, is to produce
simple optical sensors for naked-eye quantification. For
instance, Kang et al’® developed a G-Quadruplex
DNAzyme which contains hemin that in the present of
sulfide is activity is inhibited. Another simple sensor was
reported by Rosolina et al.”” in which a paper containing
bismuth hydroxide changes the color in the presence of
sulfide due to Bi,S, precipitation. It is worth noting that
sensors that contain biomolecules undergo degradation
(sometimes caused by the interaction with compounds of
the samples) and require special storage conditions.
Moreover, in most scenarios optical sensors encounter
several problems with environmental samples that con-
tain particles (or color) that disperse light.*® Therefore,
the fabrication methodology proposed in this manuscript
excels providing functional sulfide sensors in a miniatur-
ized fashion that have demonstrated to be useful in a
wide variety of situations.

Apart from this breakthrough fabrication process, a less
sophisticated and more hand-crafted process was briefly
tested. The inkjet printer was replaced by a nail brusher
and the electrochemical oxidation by long term sponta-
neous deposition. A silver path was manually drawn and
sintered. Then, milling conditions (Ag is oxidized in basic
media) of the electrolytical solution allow the deposition
of Ag/Ag.S in 1 day. Surprisingly, the electrode gave a
Nernstian response. This non-controlled test could con-
stitute a game changer in the self-production of elec-
trodes at home.

CONCLUSIONS

The fabrication and the electrochemical performance of
the first IPSSE is described. The IPPSE was successfully
fabricated by printing a silver path followed by an electro-
chemical deposition of sulfide. Although this fabrication
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procedure was composed by two consecutive completely
different techniques, further efforts could be done to try
to produce an inkjet printable Ag,S ink which will reduce
the required equipment. Nonetheless, the fabrication
process demonstrates high reproducibility and reliability.
An expected Nernstian response of -29.4+0.3 mV/decade
was obtained within concentrations of 0.03-50 mM with a
short response time (3 s). Furthermore, the IPSSE was
tested with real samples and gave results in agreement
with a commercial available one. Taking into account the
challenges inkjet-printed ion-selective face, this different
fabrication approach could open new ways of mass pro-
duction of all-solid state ion-selective sensors.

Although, in this manuscript is showcased the fabrica-
tion methodology of a single type of ion-selective elec-
trode, the potential of inkjet printing to produce not only
other potentiometric electrodes but also other kind of
functional miniaturized electronics in a simple way
should be highlighted.
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FIGURE CAPTION

Figure 1. Scheme of the fabrication of the IPSSE: Inkjet printing of Ag paths (A), insulator printing (B)
33 and electrodeposition step (C).

Figure 2. Ag inject printing electrode (A), SEM micrographs (A1) and EDX (A2). Ag/Ag,S electrode (B),
36 SEM micrographs (B1) and EDX for Ag/Ag>S electrode (B2); scale bar =2 um.

38 Figure 3. Response of the Ag/Ag.S electrode for S* determination. A) Experimental data for
39 consecutive additions of S over SAOB medium, B) calibration plot for experimental data obtained
40 and C) durability study for n=15 slopes and k=3 replicates obtained on different days. Mean slope
value of all measurements (red line) and 3-folds the standard deviation (dashed red line).

45 TABLE CAPTION

47 Table 1. Real samples analysis. Comparison between the S* concentrations obtained with the IPSSE
and with a commercial sulphur ion sensor.
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Figure 1
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Figure 3
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Table 1

Reactor 1 4.44
Reactor 2 4.50
River 1.57
Sea 1.60

y=-29.440.3x-890+1

0.55 - 5.0
0.15 = 4.40
0.50 95 1.46
0.62 96 1.42
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