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Abstract: In this work, the stability, electrical conductivity, and versatility of graphite-based inks
were taken advantage of to fabricate a nitrate potentiometric sensor. One other key property that
was exploited for the design of an ion-selective electrode was the hydrophobicity of graphite. This
prevented the formation of a water layer between the solid contact and the polymeric selective
membrane. Moreover, given the use of printing technologies for electrode fabrication, it was possible
to easily miniaturize the sensors and achieve lower fabrication costs. In this article, a printed sensor,
composed of a graphite working electrode and a Ag/AgCl reference electrode, is presented and
thoroughly characterized. The working electrode was modified with a well-known PVC-ionophore
membrane, and the reference electrode was protected with a PVB-NaCl saturated membrane. It
showed almost-Nernstian sensitivity of −(55.4 ± 0.7) mV/dec to NO3

−, stability of up to 25 days
of operation, limit of detection of 0.204 ± 0.009 mM, and repeatability of 99.02 % (N = 3). Coupled
with its high selectivity compared with other anions, this low-cost, mass-producible sensor is a great
alternative for environmental and industrial applications.

Keywords: ion-selective electrode; potentiometric sensor; printed electrodes; carbon electrodes

1. Introduction

Since the discovery of the advantages of nitrate ion (NO3
−)-derived species for plant

growth, their heavy industrial production and application in agriculture have resulted in se-
vere contamination problems. The acidification and eutrophication of consumption water are
among the gravest consequences [1–3]. In response to these growing concerns, governments
all over the world have imposed laws restricting the use of NO3

−-contaminated water [4].
Thus, analytical tools to keep all kinds of water sources in check are urgently required.

One of the first-known methods for nitrate ion detection is UV measurements. This can
be coupled with chromatography techniques to achieve high selectivity and low limits of
detection [5]. However, these require ample sample pre-treatment, and bulky and expensive
equipment, as well as trained personnel, and are not a good choice for on-site analysis. To
avoid these limitations, sensors are a preferable approach. Optical sensors, such the ones
developed by Nightingale et al. [6] or Wang et al. [7], which have high selectivity, or that in
the work by Yasin et al. [8], which presents high repeatability and enhanced sensitivity, are
better alternatives in terms of implementation. In fact, the Griess–Ilosvay method has been
at the basis of NO3

− detection using optical assays. However, the high time of response,
the requirement of sample treatment, the necessity of previously reducing nitrate ions to
nitrite ions, and the limited range of these proposed devices are still inconveniences that
must be overcome.
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Otherwise, electrochemical sensors are a viable alternative as versatile, fast, and trans-
portable analytical tools [9]. Despite their small size and complexity, these analytical tools
are very much capable of achieving low limits of detection [10], as well as short response
time (in the order of seconds), stability in wide ranges of pH, and good and tunable
selectivity [11]. Several endeavors have specifically tackled the improvement of NO3

−

potentiometric sensors using new materials, such as the work by Patella et al. [12], who
used copper nanowires to produce a highly sensitive amperometric sensor with low limits
of detection but high interference of chloride, or Bommiredy et al. [13], who presented
the modification of graphite (Gr) with bimetallic copper–silver nanostructures into an
amperometric NO3

− sensor with wide linear range and fast response. However, NO3
−

is a particularly difficult analyte for voltamperometric methods, as it requires large over-
potentials and sample treatment. Potentiometric sensors, on the other hand, are a much
preferable alternative. For years, these sensors have been built using polymeric liquid
membranes that are mainly selective towards the target analyte, also known as ion-selective
electrodes (ISEs). Currently, they are the most researched method for continuous, on-site
nitrate ion analysis [14]. The modified membranes cause a difference in concentration
inside–outside them, which results in a difference in potential. Nowadays, there is a high
interest in the use of hydrophobic materials to prevent the formation of a water layer be-
tween the membrane and the solid contact. This has been detected as one of the main causes
of potential drift [15]. The following works tackled this problem: Chen et al. [16], who used
a poly(pyrrole) membrane doped with NO3

- placed over an electrochemically reduced
graphene oxide surface to achieve an optimal measure in soil samples; Fan et al. [17], who
doped a poly(vinyl chloride) (PVC)-ionophore membrane with poly(tetrafluoroethylene)
(PTFE) particles to improve substrate–membrane adhesion, which was similar to how
Liu et al. [18] employed thiol-functionalized reduced graphene oxide to produce more
robust K+ and NO3

− ISEs; Hassan et al. [19], who instead employed multi-walled carbon
nanotubes with the objective of improving the selectivity and reliability of the sensor. Their
works made use of the advancement of carbon materials as inorganic hydrophobic layers to
ensure a better solid–membrane contact that reduced noise and signal drift while improving
selectivity and robustness.

It is important to consider, when dealing with complex samples, the possible presence
of NO2

−. As far as interferents are concerned, NO2
− is a very particular case. Due to

its instability, it naturally oxidizes into NO3
− over time. However, given the chemical

semblance between NO2
− and NO3

−, it can cause interference if it is not allowed to decay.
Hence, the most secure way to deal with it is to previously perform rapid detection of
NO2

− and then compensate the NO3
− measurement [20]. To achieve this, several studies,

such as that by Protity Saha et al., using gold nanomaterials [21], or the more recent one
by Angelo Ferlazzo et al., innovating with carbon nanomaterials [22], have worked on the
design of amperometric sensors for the direct and fast detection of NO2

−. Coupling one
of these designs into a future integrated platform would be sensible to avoid interference.
Nevertheless, as this anion was not present in this work, it remains a feature for the future.

Another key point in the improvement of ISEs and their applicability is the means of
fabrication. The previously presented works require too much hand-made fabrication to
be robust or reproducible. In this area, printing technologies have exponentially grown in
recent years [23–26] for the mass production of highly reproducible, cheap, and versatile
devices. Little work has been conducted on combining these two fields yet, with the
advancements by Jiang et al. [27] as a first concept for a solid-state ISE produced using inkjet
printing being the only work we found. Despite having produced an almost-Nernstian
sensor, the reported stability and selectivity are factors that could be improved upon.

Yet, robustness and signal repeatability are parameters of high importance that rarely
come up in the design of new sensors. This is because those depend as much on the
sensor as on the reference electrode coupled to it. All cited works use external commercial
electrodes to test their novel sensors (Table 1), but on the field and in real-case applications,
this is severely limiting. As such, the improvement and incorporation of stable reference
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electrodes in a single sensing platform represent a field that lacks depth and innovation but
is almost as important as the sensor itself.

Table 1. Comparison between several reported sensors in the bibliography and the one presented in
this work.

Sensor Sensitivity
(mV/dec.) LOD * (mM) Stability Linear Range

(mM) Samples Integrated RE Reference

PPy(NO3
−) 1 −50 6.3·10−3 65 days 0.001–10 Real (soil) No [13]

PTFE-PVC 2 −58 0.2 20 days 0.016–1 Real No [14]
TRGO-PVC 3 −60.0 ± 0.5 4·10−3 14 days 0.004–100 No samples No [15]

MWCNTs-PVC 4 −55.1 ± 2.1 28·10−6 Not reported 0.00008–10 Real No [16]
Ag-PVC −52 ± 1.8 Not reported Not reported 1–100 Real (soil) No [21]
Gr-PVC −55.1 ± 0.7 0.2 25 days 0.3–170 Spiked, real Yes This work

* Limit of detection (LOD). 1 Polypyrrole (PPy). 2 Poly(tetrafluoroethylene) (PTFE). 3 A (TRGO). 4 Multiwalled
carbon nanotubes (MWCNTs).

In this article, we aimed at combining the use of printing technologies, in particular,
direct ink writing (DIW), with the innovations of carbon materials to fabricate a stable,
reproducible, and selective sensor. The use of this new printing technology makes the
specific tuning of the sensor possible, from size and shape to the used materials and
substrates. For this purpose, the sensor integrates a working electrode (WE) made of
graphite and modified with a poly (vinyl chloride)-based membrane containing a NO3

−

ionophore and a Ag/AgCl reference electrode (RE) protected with a NaCl saturated poly
(vinyl butyral) membrane in an integrated sensing platform. This approach has not been
tested in any of the above-mentioned works, which always relied on the use of external
commercial reference electrodes. This limits the applicability and versatility of the designs
and increases costs. Thus, in this work, the main aim was to prove that new technologies
are one step closer to producing sensors that can compete with other hand-made designs.
Furthermore, the lack of expensive materials reinforces the idea that mass-produced devices
are capable of operating under field conditions. On the other hand, it also leaves the door
open for the further tuning of sensors, leading to enhanced analytical properties, with
the usage of new materials. The sensor was thoroughly characterized in terms of its
electroanalytical response, stability over time, pH, and selectivity against competing anions.
Finally, the sensor was used to measure the nitrate ion concentration of a sulfate-reducing
test reactor to prove its operativity under real-sample conditions.

2. Materials and Methods
2.1. Reagents and Chemicals

All chemicals were commercially available and were used as received. For the con-
struction of the graphite integrated electrodes, screen-printing silver microparticle ink
(DuPont 5029; Dupont, Wilmington, DE, USA) for the conductive tracks, graphite ink
(C2030519P4; Gwent Electronic Materials, Pontypool, UK) for the WE, and commercial
Ag/AgCl paste (DuPont 5874; Dupont, Wilmington, DE, USA) for the RE were utilized.
Dielectric ink (LOCTITE EDAG PP 455 BC; Henkel Ibérica, Barcelona, Spain) was included
for track passivation. All inks were printed on a 125 µm thick polyethylene terephthalate
(PET) sheet (Q65HA; DuPont Teijin Films, Wilmington, DE, USA).

Sodium nitrate (≥99%; NaNO3), sodium phosphate (96%; Na3PO4), sodium bicar-
bonate (≥99%; NaHCO3), and sodium chloride (≥99.5%; NaCl) were all purchased from
Sigma Aldrich. All solutions were prepared with deionized water with a Milli-Q system
(Millipore, Billerica, MA, USA).

2.2. PVC-ISM and PVB-NaClsaturated Membrane Preparation

For the modification of the bare graphite WE into an ion-selective electrode, a mem-
brane was drop-casted onto them. The ion-selective membrane (ISM) was prepared by
dissolving ionophore (6%) tridodecylmethylammonium nitrate (T12) (≥99.0% selectophore;
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[CH3(CH2)11]3N(NO3)CH3), plasticizer (65%) tris(2-ethylhexyl)phosphate (TEHP) (≥99.0%
selectophore; [CH3(CH2)3CH(C2H5)CH2O]3P(O)), and (29%) poly (vinyl chloride) (PVC)
in tetrahydrofuran (THF) (≥99.9% anhydrous; C4H8O). For the RE, a protective membrane
was prepared by dissolving 10% wt. poly (vinyl butyral) (PVB) and saturated sodium
chloride (NaCl; Scharlab, Barcelona, Spain) in methanol (all, unless specified otherwise,
purchased from Sigma-Aldrich, Madrid, Spain).

2.3. Instrumentation

A pressure-driven digital material depositor (DMD100; Kellenn Technologies, FR) was
used to print the electrodes. The printed devices were morphologically characterized by
means of a digital microscope (AM4815ZTL; DinoLite, NE). Electrochemical performance
was tested using a single-channel Autolab potentiostat/galvanostat (PGSTAT204; Metrohm
Autolab BV, NE). An ionic chromatographer (Dionex Integrion; Thermo Scientific, SP) was
used as the reference method for contrast-spiked and real samples.

2.4. Electrode Fabrication

All printing was carried out in a standard laboratory under ambient conditions. Elec-
trodes were fabricated by printing several materials on a PET substrate (Figure 1). Given
that PET films had already been pre-treated for improved hydrophilicity, no additional
procedures were required for good ink adhesion.
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Figure 1. Photograph of the full size of the platform compared with EUR 1 coin and close-up of
(A) Ag/AgCl electrode and (B) Gr electrode.

First, a single Ag layer was deposited, using printing pressure (PP) of 80 kPA and
travelling pressure (TP) of 10 kPA at printing speed (PS) of 100 mm/min to produce
the tracks and pads of the WE and RE. Those inks were then dried at 40 ◦C for 10 min.
Afterwards, a layer of Gr ink was deposited to form a 1 mm diameter disc for the WE. This
was conducted using PP of 80 kPa, TP of 20 kPA, and PS of 80 mm/min. It was then dried
at 40 ◦C for 10 min. Next, the Ag/AgCl mixture was deposited to form the RE using PP of
65 kPa, TP of 10 kPa, and PS of 80 mm/min. All inks were then sintered at 150 ◦C for 1 h or
until the resistance became lower than 100 Ω. Finally, commercial ink was used to cover
the tracks with an impermeable dielectric polymer. Thanks to this, the silver tracks of the
electrodes were protected from corrosion, which could lead to high-resistance tracks and
faulty measurements. One layer of the LOCTITE dielectric was printed with PP of 30 kPA,
TP of 0 kPa, and PS of 225 mm/min. It was cured under UV light for 30 s.

2.5. Membrane Deposition

The PVC-ISM solution was drop-casted onto the graphite disc and the PVB-NaCl
saturated membrane over the Ag/AgCl square. Drops of 1 µL in volume were used due
to the size of the electrodes; for the WE, 20 drops were required, while only 1 drop was
needed for the RE. The solutions were left to dry at room temperature, with no further
treatment applied.
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2.6. Electrode Characterization

The fabrication and modification of the electrodes was studied using optical mi-
croscopy. Millimetric images allow the printed parts, deposited membranes, and any
variations produced by the long-term use of the devices to be observed.

The electroanalytical performance was studied with an Autolab potentiostat/galvanostat
using chronopotentiometry (CP), under constant stirring whilst measuring. All calibrations
were performed under batch conditions, with subsequent additions of different stocks at
known NO3

− concentration. Concentration at the sensor surface and intensity current can be
related with Nernst–Nikolskii formula (Equation (1)).

EM = K− 2.303
RT
|zi|F

· log(ai,sol.)
T=298 K→ EM = K− 0.059

|zi|
· log(ai,sol.) (1)

where zi is the analyte net charge and ai,sol is the analyte activity. Measured under convection
conditions, EM vs. ai,sol results in a linear correlation, and with ionic strength (I) fixed at
I≈ 0.1 (0.03 M NaNO3), ai,sol = Ci. Additionally„ a test to verify the temperature dependance
of the sensor described in the Nernst–Nikolskii equation was performed. This was carried
out by first performing three short calibrations at three different temperatures to quantify
the shift in sensitivity. In addition, we fixed a 0.1 M NO3

− concentration and measured
the potential variation as the temperature of the solution changed. The temperatures were
fixed using a cooling/heating water bath.

2.7. Interference Study

To perform such measurements, a calibration without an interferent was performed as
described in previous characterizations. Next, the same procedure was repeated with the
same sensor, but by doping the initial solution with a certain concentration of the selected
interferent. This is known as the fixed interference method [28]. In the case of SO4

2−,
the ionic strength was fixed using 0.1 M CH3COO−, and its effect was later compensated
mathematically, taking into consideration the previously calculated Kpot.

2.8. Sample Analysis

Two types of samples were analyzed. The first kind of samples were spiked samples:
Milli-Q water, tap water, and bottled water. They had an increasingly more complex matrix
to test the feasibility of performing real-sample analysis. To do so, 25 mL of each was
prepared by adding 0.03 M SO4

2− and measured as done with regular calibrations. Later,
they were spiked at ~100 mM NO3

−, and the measurements were repeated.
The second kind was a sample extracted from the output of a sulfate-reducing biore-

actor. As sulfate was used as the ionic strength fixing anion, this was concluded to be a
suitable sample.

3. Results
3.1. Electroanalytical Performance Evaluation

To assess the analytical performance of the printed sensor integrating the WE and RE, a
wide range of NO3

− concentrations were measured (1.00·10−5–0.171 M). As small volumes
of NO3

− stock solution were added, the change in potential was recorded over time
(Figure S1). Comparing several replicates (N = 20), the linear range remained consistent
at 2.87·10−4–0.171 M with sensitivity of (55.1 ± 0.5) mV/dec to NO3

− for a single sensor
(Figure 2).
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Figure 2. Electroanalytical characterization of the sensor towards NO3
− ions through calibration

procedure. (A) Representation of the potential as a function of log NO3
− concentration. The red

squares are out of the linear range (sub-Nernstian response zone), and the other data points are fitted
linearly to obtain the sensor sensitivity (Nernstian response zone). (B) Graph of potential against
time as NO3

− stock addition, visible as potential steps, was performed.

3.2. Response Variation among Sensors

To ensure that the fabrication process was reproducible, three different electrodes were
compared. All were printed and later modified at the same time. The different electrodes
were calibrated, each one in triplicate, on the same day, and their sensitivity was compared.
An RSD of 1.27% and no statistical differences in sensitivity (Figure 3) were observed. The
sensors could be mass-produced with a high degree of reproducibility. Moreover, with
average sensitivity of −(55.4 ± 0.7) mV/dec to NO3

−, an almost-Nernstian response was
achieved by all the fabricated sensors.
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Figure 3. Study of reproducibility of fabrication of sensors (N = 3) by comparing their sensitivity. The
green line represents the Nernstian theoretical value (−59.2 mV/dec to NO3

− at 25 ◦C).

3.3. Stability of the Sensor

By performing multiple calibrations over different periods of time, the continuous
performance of the sensor was studied. First, many calibrations recorded during a single
day aimed to test the number of measurements during continuous use that the sensor could
perform. Considered as short-term stability, the sensor proved to be capable of achieving
up to 20 calibrations (1200 measurements) with no changes in the linear range and an RSD
of 0.98% in sensitivity (Figure 4) repeatability.
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Figure 4. Stability study of the sensor. Sensitivity of 20 consecutive calibrations (380 measurements)
measured in a single day. The green line represents the Nernstian theoretical value (−59.2 mV/dec to
NO3

− at 25 ◦C).

Moreover, with calibrations performed along multiple days, each day in triplicate,
the long-term stability of the sensor was studied (Figure 5). The sensor was kept in a low
NO3

− concentration solution (10−4 M) between measurements to maintain the membrane
hydrated and conditioned.
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The 25th calibration had lower sensitivity than the previous ones. A decrease in the
linear range was also noted. Using Grubbs test, this calibration could be discarded as an
outlier (Table S1). Thus, the sensor operated with no statistical variations for 24 days, with
equal sensitivity and linear range (up to 1440 measures). Moreover, it kept a consistent limit
of detection of 0.204 ± 0.009 mM with an RSD of 4.3%, a linear range of 2.87·10−4–0.171 M,
and a sensitivity average of −55.9 ± 0.8 mV/dec to NO3

− with an RSD of 1.47%. Thus, the
sensor was not only capable of operating for many measurements but also to do so for a
prolonged and continuous range of time whilst maintaining excellent stability.

3.4. Robustness against pH

Despite the analyte having no dependence on the medium pH, it is still important
to test the limits at which the sensor can operate. To do so, measurements at a constant
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concentration of 31.6 mM NO3
− were performed at different pH values. As can be seen in

Figure 6, two different sensors were tested, one starting with highly acid pH and the other
with highly alkaline pH. Both showed good stability in a pH range from 4.0 to 11.0, with
RSD values of 4.92% and 5.36%, respectively. These variations in signal can be partially
explained by the presence of a commercial pH sensor, as the use of both potentiometric
sensors in the same solution slightly altered their measurements. The commercial sensor
was used to double-check the value of pH at each point. However, the signal, at high pH,
started deviating much more. As explained by Moya et al. [29], the printed RE on which
the sensor is based presents a change in its moieties at pH higher than 11.0, which changes
its response. As such, the sensor presents high robustness against pH so far as the RE
electrode is stable (4.0–11.0 pH range).
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− ions

at different pH. A first sensor started with low acidic pH, which steadily increased (green line), and
another sensor started with alkaline pH, which decreased towards acid (blue line).

3.5. Change in Response with Temperature

The change in sensitivity was small, about 6 mV/dec, between 5 and 40 ◦C (Figure S2).
The small variation was verified by measuring between 50 and 5 ◦C at 0.1 M NO3

−, where
the measured potential changed by around 15 mV. This change in potential corresponds to
a decrease of 2–3 mM, which, at 0.1 M, means a deviation of 2–3%.

3.6. Study of Interferents

To finalize the electroanalytical characterization, the effect of interferents on the sen-
sor response was tested. While the ionophore employed has high selectivity towards
NO3

−, other anions are also well known to produce a response in this sensor. Cl−, NO2
−,

CH3COO−, SO4
2−, and HCO3

− are the anions that have some effect on T-12 ionophore-
based sensors. A well-known method to quantify and later compensate for the effect of
interferents on the potentiometric selectivity coefficients is the fixed interferent method; the
potentiometric selectivity coefficients are calculated using Equation (2) [28].

Ki,j =
(ai)e(
aj
) Zi

Zj
e

(2)

where Ki,j is the potentiometric selectivity coefficient for interferent j when measuring
analyte i, Zi and Zj are the charges of the respective ions, (ai)e represents the LOD in the
presence of the interferent ion, and (aj)e is the used concentration of interferent.

In the calibrations performed to determine the potentiometric selectivity coefficients,
a calibration free of interferent was first performed, followed by another one in a medium
that contained small concentrations of the studied interferent (Figure S1).



Chemosensors 2023, 11, 174 9 of 12

In the comparison of sensitivity, using the t of Student’s test for comparing two methods,
there were no statistical differences in the methods with and without interferents, respectively.
Regarding the LOD, a slight increase was observed when interferents were at play, changing
from 0.24 mM to 0.36 mM in 8.5 mM Cl− and to 0.28 mM in 4.9 mM of HCO3

−. The respective
potentiometric selectivity coefficient (Kpot), calculated for each interferent using Equation (2),
can be found in Table 2. Since these constants were calculated as a ratio of the LOD, the
closest they were to 1, the lower the effect of that anion was. As such, it is clear that out of the
different tested interferents, Cl− and NO2

− had the largest effect.

Table 2. Quantification of the interfering effect of different anions on the response of the NO3
− sensor.

The compositions on which each study was performed are included.

Interferent Concentration (mM) Kpot

Cl− 8.5 7.3·10−2

HCO3
− 4.9 3.35·10−2

CH3COO− 1 3·10−2

NO2
− 1.56 8.1·10−2

SO4
2− 1 9.1·10−3

Finally, the sensors were calibrated back without interferents to ensure the reversibility
of their measurements. No change in the original LOD was perceived, proving that
interferent anions have no long-term effects on the sensor response.

3.7. Real-Sample Study

The final assessment of the applicability of the sensor was studied with measurements
using different media of increasing complexity. We started with spiked synthetic samples
of Milli-Q water, bottled water (Viladrau, Spain; batch 43943444), and sink water (Bellaterra,
Barcelona, Spain; 20 June 2022), to which NO3

− was added from a prepared stock solu-
tion. Additionally, a real sample from sulfate-reducing reactor medium was measured
as extracted. The sample was ceded by Departament d’Enginyeria Química, Biològica i
Ambiental of Universitat Autònoma de Barcelona. We requested to use some medium
from one of their reactors, and we were provided with some enriched water that they were
currently using to test a reactor designed to reduce sulfate into sulfide. The medium was
extracted from the output of the reactor and tested in the lab following the same procedure
with all other spiked samples. As the analytical reference method, ionic chromatography
(IC) was employed, measuring the concentration of NO3

− (for comparison with the sensor)
but also Cl− and HCO3

− in the tap water and reactor medium samples, to compensate for
the effect on the sensor measurements using the previously calculated Kpot (Table 3).

Table 3. Sensor validation comparing the results of different spiked and real samples measured with
the integrated RE and NO3

− sensor platform (N = 3) and IC. Cl− and HCO3
− concentrations are

included to compensate using the potentiometric coefficients.

Sample

Printed
Sensor
[NO3−]
(mM)

IC [NO3−]
(mM) [Cl−] (mM) [HCO3−]

(mM) Recovery % t-Test
(N = 3)

Milli-Q
water 97 ± 1 91 ± 4 — — 106 2.52

Bottled
water 102 ± 6 97 ± 4 0.17 1.86 106 1.2

Tap water 97 ± 2 92 ± 3 2.35 2.03 105 2.4
Reactor
medium 0.53 ± 0.01 0.58 ± 0.03 5.26 — 93 2.73
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While the recovery rate was over 100% in most samples, the largest relative error was
around 5%. Moreover, only in the reactor medium sample, the presence of interference
caused a meaningful change in the measured concentration. This can be explained by
the analyte having a lower concentration (by a factor of 10) than its main interferent.
However, mathematically compensating the measurements yielded a very good recovery
ratio, proving that the sensor can indeed be used in real samples.

4. Discussion

After thorough characterization, it was shown that using graphite as a solid contact al-
lows optimal liquid membrane ISEs to be fabricated. Whilst the PVC-ionophore membrane
provides an almost-Nernstian response (Figure 2) of − (55.4 ± 0.7) mV/dec to NO3

−, com-
bined with Gr and coupled to the Ag/AgCl-PVBsaturated RE, this analytical behavior was
enhanced. It resulted in sensors that are highly stable (Figures 4 and 5), as they could per-
form around 1440 measurements, whether it be in a single day or spread out over almost an
entire month; they are robust (Figure 6), given the wide range of pH (4.0–11.0) in which they
can operate; and they are selective (Table 2), thanks to their small Kpot for Cl− (7.32·10−2),
NO2

− (8.1·10−2), CH3COO− (3·10−2), SO4
2− (9.1·10−3), and HCO3

− (3.35·10−2). While the
objective of selectivity is to avoid sample treatment as much as possible, to reduce the time
and cost of measurements, some of the interferents are easily disposed of. HCO3

− can be
erased by acidifying the sample, as it decomposes into CO2, whilst CH3COO− is unlikely
to be found in any relevant concentration in environmental samples. Additionally, NO2

− is
unstable and over time turns into NO3

−. In several contexts, this means that the interferent
disappears by itself. Only in samples where NO2

− is regularly produced or there is an
explicit interest in separating nitrogen species, this interferent becomes relevant. As such,
Cl− stands to be the most likely species to cause any trouble in real-sample measurements,
given that the coefficient for SO4

2− is much smaller.
Moreover, the use of printing technologies allows very reproducible batches of sensors

to be manufactured (Figure 3), with an RSD in sensitivity of 1.27%, in addition to reducing
the cost and time of fabrication. Finally, in accordance with the Spanish “Ministerio de la
Presidencia, Relaciones con las Cortes y Memoria Democrática” [4], human consumption
water is acceptable if the nitrate concentration is below 50 ppm (0.81 mM). Since this
value is higher than the sensor LOD (0.2 mM), it is capable of performing the analysis of
environmental samples for the detection of contaminated water.

Therefore, microsensors can be utilized in a wide range of nitrate ion concentrations
and environments. This has been further proven by analyzing several samples of different
matrix compositions. Even when operating close to its LOD and with an interferent
concentration five times higher than the analyte (Table 2), the sensor, after mathematical
compensation for the interferent, only yielded a 7% error when compared with ionic
chromatography. In spiked samples, the error was at a maximum of 6%. These results were
further verified by performing a Student’s t-test (two-tailed, 95% reliance). The tabulated t
was 3.182, which was larger than all the experimental values. Consequently, there were no
statistical differences between the samples measured with our sensor and with the reference
method of IC.

5. Conclusions

In this work, a miniaturized, fully integrated, printed NO3
− sensor is presented and

thoroughly characterized. This sensing platform includes both the WE and RE needed for
a full ISE compact system. It has great stability, both during intense continuous usage and
long-term usage; high reproducibility between devices; and an almost-Nernstian response.
With a wide linear range and, compared with other potentiometric sensors, a small limit of
detection, in addition to its good selectivity and applicability in real samples, the reported
sensor can operate as a reliable analytical tool for on-site measurements and pollutant
tracking. Moreover, with future improvements, the sensor could be a great springboard for
further developments in ISEs and potentiometric sensors.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11030174/s1, Figure S1: Calibrations performed
with NO3

− sensor in the presence and absence of the most likely interferents. (A) Interference study
of chloride ions, where the green line belongs to a calibration without Cl− and the red line to one with
8.5 mM Cl−. (B) Interference study of bicarbonate ions, where the green line belongs to a calibration
without HCO3

− and the red line to one with 4.9 mM of HCO3
−. (C) Interference study of nitrite ions,

where the green line belongs to a calibration without NO2
− and the red line to one with 1.56 mM of

NO2
−. (D) Interference study of acetate ions, where the green line belongs to a calibration without

CH3COO− and the red line to one with 1 mM of CH3COO−. (E) Interference study of sulfate ions,
where the green line belongs to a calibration without SO4

2− and the red line to one with 1 mM of
SO4

2−, Figure S2: Studies of sensor behavior at different temperatures. (A) Change in sensitivity
at three different temperatures. (B) Variation in the measured potential with 0.1 M NO3

− as the
temperature changed.
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