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Abstract: The progressive increase in nitrate’s (NO3 ™) presence in surface and groundwater enhances
environmental and human health risks. The aim of this work is the fabrication and characterization
of sensitive, real-time, low-cost, and portable amperometric sensors for low NO3;~ concentration
detection in water. Copper (Cu) micro-flowers were electrodeposited on top of carbon screen-
printed electrodes (SPCEs) via cyclic voltammetry (with voltage ranging from —1.0 Vto 0.0 V ata
scan rate of 0.1 V s~1). The obtained sensors exhibited a high catalytic activity toward the electro-
reduction in NO3; ™, with a sensitivity of 44.71 pA/mM. They had a limit of detection of 0.87 pM
and a good dynamic linear concentration range from 0.05 to 3 mM. The results were compared
to spectrophotometric analysis. In addition, the devices exhibited good stability and a maximum
standard deviation (RSD) of 5% after ten measurements; reproducibility, with a maximum RSD of 4%;
and repeatability after 10 measurements with the RSD at only 5.63%.

Keywords: nitrate detection; electrochemical sensor; screen-printed electrodes; electrocatalytic
reaction; electrodeposition

1. Introduction

Nitrogen (N) is an essential macro element for the development of life on earth, as
it is present in protein substances, chlorophyll, nucleic acids, etc., and participates in the
constitution of most organisms’ tissues. Plants absorb nitrogen from the soil mainly in
inorganic forms: nitric and ammoniacal. The ammonium ion binds to the cation exchange
complex of the soil; therefore, the ammonium ion is retained and acts more slowly, influ-
enced by microbial activity. The nitrate ion is immediately assimilable, as it is not retained
by the soil colloids. This mobility makes it more available for absorption but also more
prone to leaching and percolation in the presence of water surpluses. The leached nitrate
nitrogen quickly reaches the deeper layers of the soil, becoming unreachable by plant roots
and polluting the groundwater and rivers [1]. This causes risks to the environment and
human health. The excessive presence of nitrates in drinking water is harmful to our body
since they transform into nitrites that bind to hemoglobin to form methemoglobin, which
then hinders oxygen transport and flux to tissues in the body [2]. On the other hand, the
excess of nitrogen compounds in wastewater causes, with phosphorus, eutrophication,
i.e., the uncontrolled proliferation of autotrophic species, especially algae, which become
waste for aquatic environments. For these reasons, the World Health Organization (WHO)
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and European directives set the maximum contaminant level of NO3 ™~ in public drinking
water to 50 mg/L (~0.8 mM) [3]. To date, several methodologies have been developed to
monitor nitrate concentration in water, such as flow injection analysis, spectrophotome-
try, chemiluminescence, capillary electrophoresis, ion chromatography, high-performance
liquid chromatography, and gas chromatography-mass spectrometry [4]. Although these
techniques are specific and sensitive, their use presents several drawbacks, such as the need
for sampling and the use of sophisticated, expensive, and time-consuming tools. Therefore,
substantial research has been oriented toward the development of alternative detection
methods that are inexpensive and provide a quick response while still maintaining good
sensitivity and selectivity. Electrochemical sensors with screen-printed electrodes (SPEs)
are the best candidates. Using screen-printing technology, electrodes with reproducible
chemical performances can be developed. Portable systems can be fabricated owing to the
small size of SPEs, their linear output, low-power demand, rapid response, high sensitivity,
and operating capacity at room temperature [5-7]. A screen-printed electrochemical cell
is composed of three electrodes: the working electrode (WE), the reference electrode (RE),
and the counter electrode (CE), printed on a low-cost solid substrate, often made of ceramic
or plastic. The inks used for printing determine the properties of the electrochemical cell,
and the appropriate modification of the working electrode surface plays a key role in
the development of sensitive and selective electrochemical sensors for molecules/target
substance detection [8]. The miniaturized design allows these electrochemical cells to
be portable and suitable for on-site measurements and real-time analysis, avoiding the
use of large amounts of reagents and samples. All these characteristics agree with green
analytical chemistry principles [9,10]. To date, various electrochemical sensors (poten-
tiometric, amperometric, and conductometric [11-15]) have been used to detect NO3 ™.
Among copper (Cu), platinum (Pt), silver (Ag), and gold (Au), Cu was proven to be one
of the most effective metals for catalyzing the electroreduction in NO3™ [16,17]. This is
mainly due to its high conductivity (5.8 x 107 S/m), which improves charge transfer [18].
In addition, Cu is the most cost-effective [19] compared to other electrocatalytic metals.
Recently, researchers showed that increasing the working electrode electroactive surface
area with copper deposition improves the limit of detection (LoD) of electrochemical NO3; ™~
sensors [20-22]. For instance, a flexible screen-printed amperomeric electrochemical NO3; ™~
sensor was developed and functionalized with Cu metal nanoclusters electrodeposited on
Ag working electrodes. It showed a high capability to detect NO3~ in water with a low
calculated LoD 0.207 nM (or 0.012 pg/L) and a dynamic concentration range from 50 to 500
uM (or 31 to 310 mg/L) using linear sweep voltammetry (LSV) [23]. In addition, nitrate
detection was investigated using commercial single-walled carbon nanotube-modified
Cu and Pd-Cu electrodes in a sulfuric acid solution by LSV. An extended concentration
range (0.1 to 7.8 mM) and an LoD of 52 uM were obtained [24]. Therefore, starting from
that research, we electrochemically deposited Cu micro-flowers on top of a commercially
available carbon electrode using cyclic voltammetry (CV), thus obtaining a low-cost sensor.
CV is a powerful electrochemical technique used to study chemical reactions initiated by
electron transfer, which includes catalysis [25,26]. Micro-flowers were electrochemically
characterized, and their structures were examined using scanning electron microscopy
(SEM) and X-ray diffraction (XRD). The sensor showed an LoD of 0.87 uM for NO3;~ in
water and a wide dynamic concentration range, from 0.05 to 3.00 mM (3.1 to 186 mg/L),
using LSV. Additionally, sensor stability over time, reproducibility, and repeatability were
investigated. Finally, measurements obtained using the developed sensor were compared
with those achieved using UV-visible spectrophotometry.

2. Materials and Methods
2.1. Chemicals and Apparatus

Chemicals in this work (all of them are of an analytical grade) were used without
further purification. Sodium nitrate (NaNOj3), copper sulfate pentahydrate (CuSO4-5H,0),
and potassium chloride (KCl) were purchased from Merck KGaA (Darmstadt, Germany).
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milliQ water (resistivity of at least 18.2 M() cm) obtained by Simplicity UV (Millipore,
by Merk, Darmstadt, Germany) was used for the preparation of all solutions. Screen-
printed carbon electrodes (SPCE, cod. Ref. 150) were bought from Metrohm DropSens s.r.l.
(Origgio, VA, Italy). Copper electrodeposition and all electrochemical measurements were
performed by the Palmsens4 electrochemical workstation by PalmSens BV (C-PS4-BP.F2.10,
GA Houten, The Netherlands). An UV-vis spectrophotometer (Varian Cary 50, Palo Alto,
CA, USA) was used to compare the electrochemical data with a standard measurement.
Scanning electron microscopy (SEM) was conducted using an e-beam lithography appa-
ratus Raith 150 (Dortmund, Germany) in the SEM operation mode. EDX spectra were
obtained by an energy-dispersive X-ray microanalysis system (X-MAX, 80 mm? by Ox-
ford Instruments, Abingdon, UK) inside a ZEISS FE-SEM SUPRA 35 (Carl Zeiss AG, Jena,
Germany). X-ray diffraction patterns were collected using Smartlab equipment made by
Rigaku (Sevenoaks, UK).

Electrochemical measurements were performed in milliQQ water solutions containing
KC10.1 M. Spectrophotometric measurements were performed by measuring the nitrate
peak height at 205 nm in the same electrochemical solutions.

2.2. Copper Micro-Flowers Electrodeposition and Storage

Copper was CV electrochemically deposited on an SPCE (4 mm diameter) surface by
performing 5 cycles in the potential range from 1.0 to 0.0 V at a scan rate of 0.1 Vs, and
0.1 M CuSQy in 0.1 M KCI, supporting the electrolyte solution [27]. The electrochemical
cell of SPCE is a three-electrode composed of single-sided carbon WE, silver RE, and
platinum CE. The solution was not stirred during deposition. Each cycle lasted roughly
2 min. This electrochemical process created Cu micro-flowers on the carbon surface [28].
Once fabricated, the electrodes were either used immediately or stored under a nitrogen
atmosphere to avoid Cu oxidation. After each measurement, the electrodes were rinsed in
milliQ water, dried under Nj flux, and stored in an N, atmosphere.

2.3. Electrochemical Characterization

Figure 1a shows the CV of a bare carbon electrode (red trace) and modified Cu/C
electrode (blue trace) performed in a 0.1 M KCl electrolyte solution. Ey is the characteristic
peak of the SPCE, which flattens in the case of the modified electrode, proving the coverage.
Compared to the bare C electrode, the modified electrode shows two cathodic peaks
at —0.33 V (E;) and —0.75 V (Ey), characteristic of Cu(I) and Cu(ll), respectively. Their
presence confirms the success of the copper electrodeposition process.
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Figure 1. (a) Cyclic voltammograms in 0.1 M KCl supporting the electrolyte of (a) the bare C electrode
(red trace) and electrodeposited Cu/C electrode (blue trace); (b) the bare C electrode (red trace) and
an electrodeposited Cu/C electrode (blue trace) in the presence of 1.6 mM NO3 ™.

Figure 1b shows the CV of a bare carbon electrode (red trace) and of a modified Cu/C
electrode (blue trace) performed in the presence of nitrate (1.6 mM NO3 ™) in an electrolyte
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solution (0.1 M KCl). The bare C electrode CV remained unchanged, while two additional
reduction peaks at —0.86 V (E3) and —1.08 V (E4) appeared in the Cu/C electrode CV. These
peaks can be ascribed to the reduction in NO3 ™~ (peak E3) and NO, ™ (peak E4) ions.

Calibration curve measurements and reproducibility tests were performed on solutions
containing NO3 ™ to 0.05, 0.15, 0.5, 0.8, 1.5, 1.8, and 3.0 mM. The same solutions were used
for electrochemical and spectrophotometric measurements. After each measurement,
lasting roughly 10 s, the electrode was rinsed in milliQ water and dipped in the solution
for the next measurement. Time stability was measured using a 2 mM NO3~ solution and
performing ten measurements in a three-day timeframe.

3. Results
3.1. Morphological Characterization

Scanning electron micrographs were acquired to study the C surface and the elec-
trodeposited copper morphologies. Figure 2a shows the uniform distribution of Cu micro
grains all over the SPCE electrode surface. The carbon surface is still visible, suggesting
that electrode porosity is preserved. Figure 2b shows the magnification of the Cu grain
structures obtained after five Cu electrodeposition cycles on the WE. Flower-shaped crystals
with a specific orientation were deposited. Cu micro-flowers have a high surface-to-volume
ratio from 0.01 to 1 along a well-defined orientation (see after) with a profile width ranging
from 0.5 to 4.5 pm (Figure S1).

(b)

Figure 2. SEM images of screen-printed C WE modified with 5 electro-deposition cycles of Cu.

(a) Large area image (marker 2 um); (b) magnification of a single Cu flower (marker 200 nm).

The flower-like structure of the crystallites favors a greater catalytic effect. Their forma-
tion is associated with the anion-induced directional growth of Cu crystal planes [29]; this
effect fully exposes the active sites and increases the synergetic catalytic efficiency [30,31].
To evaluate and quantify the elemental composition of the bare carbon WE and the modi-
fied Cu/C WE, energy-dispersive X-ray spectroscopy (EDS) analysis was performed. The
estimated composition of the WE surface revealed % weight values of 90.40% of C, 2.54%
of O, 0.36% of 5i, 6.86% of Cl (Figure S2) for the bare carbon WE, and % weight values of
70.05% Cu, 21.10% Cl, 6.98% C, and 1.88% O (Figure S3) for the modified Cu/C electrode.
Notably, the percentage values obtained for each element provided an average surface
value of the sample since the Cu structures did not form a fully homogeneous and flat
coverage on the bare carbon WE. Hence, the obtained values were in the expected range
and revealed that most of the electrode surface is covered with electrodeposited Cu.

Cu deposited on the surface of the WE was characterized by X-ray diffraction (XRD) to
evaluate its crystallographic structure. The XRD pattern of the bare electrode and modified
electrode with five CV cycles of copper deposition are shown in Figure 3.
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Figure 3. XRD pattern of bare and modified electrodes with 5 CV cycles of copper deposition.

The modified electrode shows peaks at positions (20) of 50.48° and 74.13° correspond-
ing to the Bragg reflections of crystalline Cu(200) and Cu(220), and peaks at positions (26) of
36.18°, 39.76°, 47.46° corresponding to CuO(002), CuO(022), and CuO(—202), respectively.
The modified electrode shows peaks at positions (26) of 46.3°, corresponding to CuCl(220).
This pattern confirms the successful coverage with crystalline Cu on top of the C WE. Ad-
ditionally, the observation is analogous to that of Inam et al. [23] and Chen et al. [32], who
demonstrated that the morphology of Cu electro-crystallization is driven by the surface
energy differences in the crystallographic planes. The high-index facet exhibits a high
density of low-coordinated atoms, providing more catalytic sites for electrocatalysts [33].

Various Cu crystallographic orientations exhibit distinct surface energies, impacting
thermodynamic stability, nitrate molecule adsorption capacity, and reactivity. Additionally,
different crystallographic orientations present varying densities of active sites, affecting
the number of sites available for catalytic reactions. Metallic copper is known to enhance
nitrate reduction due to its high electrical conductivity and abundant conduction electrons.
In contrast, the presence of chlorine can adversely affect the nature of the active sites on the
surface and their interactions with nitrates.

Therefore, XRD measurements provide information, besides Cu, on all the compounds
present in the sample. Their formation is associated with the anion-induced directional
growth of copper crystal planes; this effect fully exposes the active sites and increases
the synergetic catalytic efficiency. The atomic arrangement of different crystal planes can
influence the adsorption of reaction intermediates, thereby impacting the activity and
selectivity of electrocatalysts for NO3~ [33-38].

3.2. Study of the Electrochemical Reaction on Electrodes

The nature of the electrochemical reaction taking place on the Cu/C electrode was
studied. The energy levels of their highly occupied d-orbitals were closely aligned with the
lowest unoccupied molecular 7* orbital of NOs_, facilitating efficient electron transfer at
the catalyst surface. Therefore, the effect of the scanning speed, from 50 to 500 mVs ™!, on
the NO; ™~ reduction peak current was examined [33].

Figure 4a shows that the potential (Ep) at which the NO3; ™ reduction occurs shifts
negatively when the scan rate increases. This characteristic behavior is associated with
a diffusion-controlled irreversible electron transfer process [31]. Figure 4b summarizes
the cathodic peak current as a function of the square root of the scan rate. It shows the
cathodic peak current increased linearly with the scan rate, indicating a diffusion-controlled
reduction process, as described by the Randles-Sevéik equation [39] (Equation (1)):

1
i, = —2.69 x 105 13 ADZ v C (1)

where iy is the peak current, 1 is the number of electron transfers (2 for NO3 ), A is the
active surface area (cm?2), D, is the diffusion coefficient (2.0 x 107¢ cm? s~1 for NO;3 ™),
v is the scan rate (V s71), and C is the NO3~ concentration (mol cm~3). The Randles—
Sevcik equation is a tool in electrochemistry that allows us to relate three key parameters:
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surface area, diffusion coefficient, and redox concentration. By employing this equation, the
effective electrochemical surface areas of both C and Cu/C WE were calculated, obtaining
values of 0.0197 cm? and 0.0404 cm?, respectively, showing that the Cu electrodeposition
induces an increase in the effective surface of more than 100%. To study the kinetics
of the reaction on an electrode, the half-peak potential (E/2), defined as the potential
corresponding to iy /2, is usually examined [40]. Figure S5 shows the AE, » = Ep — E;, 5
calculated and plotted as a function of the scan rate. These data indicate that the transfer
coefficient of the reduction reaction is independent of the scan rate.
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Figure 4. (a) The NO3 ™~ reduction peak potential as a function of the scan rate. (b) Maximum peak
current as a function of the square root of the scan rate. The dashed red line is the linear best fit of
the data.

3.3. Electrochemical Sensor Performance for Nitrate Ion Detection

To study the electrochemical sensor analytical performances, linear sweep voltam-
metry was used to detect NO3; ™ in a 0.1 M KCl electrolyte solution (pH = 7). The KCl
electrolyte solution is an excellent medium since it allows the NO3; ™ content to be directly
measured in water without changing the electrolytes” pH or interfering with the sensor’s
performance. The average of three measurements of the NO; ™~ reduction peak current
at 0.86 V over the 0.05-3.0 mM concentration range was used to construct a calibration
plot. The data show a linear detection range from 0.05 to 3 mM with a sensitivity of
44.71 pA/mM and a coefficient of determination (R?) of 99.28% (N = 3) (Figure S6). Based
on a signal-to-noise ratio of three, the limit of detection (LoD) was estimated to be 0.87 uM.
It can be seen that the Cu(Il) reduction peak amplitude increased linearly with the nitrate
concentration. This observation can be explained by the catalytic effect of the copper.
Filimonov et al. [41] demonstrated that cuprous ions exhibit a catalytic effect with nitrate
since they are electrochemically active and, as a result, an increase in the mass transport
and the electron transfer process can be obtained.

Measurements performed using the reported sensor were compared with absorbance
measurements by UV-vis spectrophotometry. The measurements obtained by the two
instruments are summarized in Figure 5. The calibration plot for red circles refers to the
right axis as the spectrophotometer dataset, and the blue squares refer to the left vertical axis
and represent the average of three peak currents. The data show that the electrochemical
sensor has a sensitivity only 1.61 times lower than that of the spectrophotometer one,
demonstrating the good quality of the developed sensor [42].
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Figure 5. Calibration curve for nitrate detection for UV-vis spectrophotometer (red circles refer to the
right axis) and the Cu/C sensor (blue squares refer to the left vertical axis). Each point represents the
average peak current performed by three measurements.

3.4. Reproducibility, Repeatability, and Stability of the Sensor

Reproducibility, repeatability, and sensor stability were evaluated. Reproducibility was
studied by carrying out measurements on the same solution with three different electrodes
manufactured using the same procedure; instead, repeatability was studied by carrying
out repeated measurements with the same electrode on the same solution. Electrodes were
rinsed with milliQ water and dried with compressed air before performing each test. For
the reproducibility test, the electrodes were tested at seven different concentrations of NO3 ™~
(0.05, 0.15, 0.5, 0.8, 1.5, 1.8, and 3.0 mM); the measurements at each concentration were
carried out three times. The relative standard deviations (RSDs) were 0.15%, 0.39%, 0%,
4.89%, 0.02%, 2.83%, and 0%, respectively, demonstrating good reproducibility, as shown
in Figure 6a (The table containing all the data is reported in the Supplementary Material,
Table S1). This result was achieved owing to the good quality of the functionalization
process, which ensures excellent homogeneity and reproducibility of the deposition of the
sensitive material.

=200

08% 137% 261% 3.18% 3.74% 4.15% 4.63% 5.10% 5.63%

-180

-160

T,
g 8 2
HA)

!
-3
Current (|

Current

0.05 0.15 0.5 0.8 15 1.8 3 0 1 2 3 4 5 6 7 8 9 10 1
NO;™ concentration (mM) n° test

(a) (b)

Figure 6. (a) Reproducibility test for Cu/C sensor. NO3;~ peak current as a function of NO3~
concentration (mM); (b) Repeatability test for Cu/C sensor. The reduction peak current of the NO3~
was acquired from the same sample by repeating the measurement 10 times. The percentage reported
in the Figure is the difference between the successive measurements from the first one.

The repeatability test was carried out using the same electrode (10 consecutive mea-
surements) in the same NO3 ™~ (0.8 mM) solution. The RSD was calculated by comparing
the amplitude of the reduction peak current of the subsequent measurements with the
first one. The concentration of 0.8 mM was selected as a reference since it was set as the
maximum limit accepted by the WHO and European directives. The calculated RSDs were
0%, 0.8%, 1.37%, 2.61%, 3.18%, 3.74%, 4.15%, 4.63%, 5.10%, and 5.63%, respectively, for
the seven NO3; ™ concentrations, demonstrating good repeatability, as shown in Figure 6b.



Sensors 2024, 24, 4501

8 of 10

In addition, the sensor had a stable behavior up to the tenth measurement, characterized
by a reduction of 5% in the amplitude of the NO3 ™~ cathodic peak compared to the first
measurement. This ensured that the sensor could be reused but only for a limited number
of measurements. This result is promising because the sensor developed in this work shows
greater reproducibility than the works reported in the literature to our knowledge [23].
Stability over time was measured using a 2 mM NO3~ solution, indicating that the sensor,
properly stored, is stable after three days of measurements.

Finally, the sensor can also be used in impure water. We tested the device using tap
water as the solution medium. The data (shown in Figure S7 of the Supplementary Material)
demonstrate that the medium purity does not affect the calibration curve, thus implying
that none of the impurities contained in tap water affect the device’s performance.

4. Conclusions

In this work, a carbon screen-printed electrochemical sensor for NO3 ™ detection in
water was fabricated by the electrodeposition of Cu and characterized both in terms of
fabrication parameters and performances in detection. The device, obtained after five
electrodeposition cycles, CV, partially covered the C surface with Cu micro-flowers, the
presence of which increased the electrode active surface area by more than 100% compared
to the bare carbon electrode. NO3 ™~ has been quantitatively determined in the range extend-
ing from 0.05 to 3.00 mM with an estimated limit of detection of 0.87 uM in neutral media
composed of a 0.1 M electrolyte solution of KCI. The sensor showed high reproducibil-
ity with a maximum RSD of 4%. The repeatability test confirmed that the same sensor
shows an RSD of 5.63% after the tenth measurement on the same solution. In addition,
the sensor is stable up to the tenth measurement, which is characterized by a reduction
of 5% in the amplitude NO3~ cathodic peak compared to the first one. Measurements
made with the proposed portable sensor were compared with absorbance measurements
by UV-vis spectrophotometry, showing a sensitivity of only a factor 1.6 lower than the
benchtop instrument. The proposed sensor also works with tap water; hence, it can be
easily implemented in precision agriculture as a low-cost, fast, specific, and sensitive sensor
for the detection of nitrate ions in irrigation water.

5. Patents

R. Farina and S. Libertino, Nitrates electrocatalytic detection in water by copper micro-
flowers, under the patenting procedure, filed the 11 March 2024, n. 102024000005344, at the
Italian “Ministero delle Imprese e del Made in Italy”.
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nification images of screen-printed C WE modified through 5 cycles of Cu electrodeposition. Profile
width estimation; Figure S2: EDS of screen-printed bare C WE; Figure S3: EDS of screen-printed C WE
modified through 5 cycles of Cu electrodeposition; Figure S4: Reproducibility test for Cu/C sensor.
NO; ™ peak current as a function of NO3 ™ concentration (mM); Figure S5: AE,, /> as a function of the
scan rate for nitrate reduction; Figure S6: Reproducibility test for Cu/C sensor. NO3~ peak current
as a function of NO3 ™~ concentration (mM); Figure S7: Calibration curves for NO3 ™~ concentration
added to milliQ water (blue dots) and to tap water (green squares) and Table S1: Measurements of
peak current and relative standard deviation as a function of the nitrate concentration.

Author Contributions: Conceptualization, R.F. and S.L.; methodology, R.F,, D.C.,, GE.C, G.AS,, A.A.
and G.D.; formal analysis, R.E, G.E.C.,, G.A.S., D.C., A A. and G.D,; investigation, R.F.,, G.D., A.A. and
S.S.; resources, S.L.; data curation, R.F, G.D., A.A,, GE.C.,, G.AS. and D.C.; writing—original draft
preparation, R.F; writing—review and editing, R.F., G.AS., A.A,SS., D.C,GEC,GAS,GG.C,
M.A.C. and S.L.; supervision, G.G.C. and S.L.; project administration, S.L. and M.A.C.; funding
acquisition, S.L. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/s24144501/s1
https://www.mdpi.com/article/10.3390/s24144501/s1

Sensors 2024, 24, 4501 90f 10

Funding: The research activities were partially funded by the European Union (NextGeneration
EU), through the MUR-PNRR project SAMOTHRACE [GA ECS00000022]; the European project
TELEGRAM of the European Union’s Horizon 2020 Research and Innovation Programme [GA
101006941]. Part of this work has been carried out as part of the Italian Infrastructure Beyond-Nano
co-funded by Regione Sicilia (D.D.G. 2929/5S) and by the Italian Ministry of University and Research
(Decree 2510/2019).

Data Availability Statement: The raw data supporting the conclusions of this article are included in
the paper and Supplementary Material figures and tables.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Forde, B.G; Clarkson, D.T. Nitrate and Ammonium Nutrition of Plants: Physiological and Molecular Perspectives. In Advances in
Botanical Research; Callow, J.A., Ed.; Elsevier: Amsterdam, The Netherlands, 1999; Volume 30, pp. 1-90. [CrossRef]

2. Bryan, N.S,; van Grinsven, H. Chapter Three—The Role of Nitrate in Human Health. In Advances in Agronomy; Sparks, D.L., Ed.;
Elsevier: Amsterdam, The Netherlands, 2013; Volume 119, pp. 153-182. [CrossRef]

3. World Health Organization. Water, Sanitation and Health Team. Guidelines for Drinking-Water Quality: Incorporating First Addendum,
Recommendations; World Health Organization: Geneva, Switzerland, 2006; Volume 1.

4. Zhang, ].-Z.; Fischer, C.]J. A simplified resor-cinol method for direct spectrophotometric de-termination of nitrate in seawater. Mar.
Chem. 2006, 99, 220-226. [CrossRef]

5. Tse, Y.-H.,Janda, P; Lam, H.; Lever, A.B.P. Electrode with electropolymerized tetraaminophthalocyanatocobalt(II) for detection of
sulfide ion. Anal. Chem. 1995, 67, 981-985. [CrossRef]

6.  Hori, Y,; Takahashi, R.; Yoshinami, Y.; Murata, A. Electrochemical Reduction of CO at a Copper Electrode. J. Phys. Chem. B 1997,
101, 7075-7081. [CrossRef]

7. Ferrari, A.G.-M.; Rowley-Neale, S.J.; Banks, C.E. Screen-printed electrodes: Transitioning the laboratory in-to-the field. Talanta
Open 2021, 3, 100032. [CrossRef]

8. Hanrahan, G.; Patil, D.G.; Wang, J. Electrochemical sensors for environmental monitoring: Design, development and applications.
J. Environ. Monit. 2004, 6, 657-664. [CrossRef] [PubMed]

9.  Yanez-Sedefo, P.; Campuzano, S.; Pingarroén, ].M. Electrochemical (bio)sensors: Promising tools for green analytical chemistry.
Curr. Opin. Green Sustain. Chem. 2019, 19, 1-7. [CrossRef]

10. Galuszka, A.; Migaszewski, Z.; Namie$nik, J. The 12 principles of green analytical chemistry and the SIGNIFICANCE mnemonic
of green ana-lytical practices. TrAC Trends Anal. Chem. 2013, 50, 78-84. [CrossRef]

11. Bagheri, H.; Hajian, A.; Rezaei, M.; Shir-zadmehr, A. Composite of Cu metal nanoparticles multiwall carbon nanotubes-reduced
graphene oxide as a novel and high performance platform of the electrochemical sensor for simultaneous determination of nitrite
and nitrate. . Hazard. Mater. 2017, 324, 762-772. [CrossRef]

12. Li, Y; Li, H.; Song, Y.; Lu, H.; Tong, J.; Bian, C.; Sun, J.; Xia, S. An Electrochemical Sensor System with Renewable Copper
Nano-Clusters Modified Electrode for Continuous Nitrate Determination. IEEE Sens. |. 2016, 16, 8807-8814. [CrossRef]

13.  Ryu, H,; Thompson, D.; Huang, Y.; Li, B.; Lei, Y. Electrochemical sensors for nitrogen species: A review. Sens. Actuators Rep. 2020,
2,100022. [CrossRef]

14. Ronkainen, N.]J.; Halsall, H.B.; Heineman, W.R. Electrochemical biosensors. Chem. Soc. Rev. 2010, 39, 1747-1763. [CrossRef]
[PubMed]

15. Hassan, M.H.; Khan, R.; Andreescu, S. Advances in electrochemical detection methods for measuring contaminants of emerging
concerns. Electrochem. Sci. Adv. 2022, 2, €2100184. [CrossRef]

16. Dima, G.E.; De Vooys, A.C.A.; Koper, M.T.M. Electrocatalytic reduction of nitrate at low concentration on coinage and transition-
metal electrodes in acid solutions. J. Electroanal. Chem. 2003, 554-555, 15-23. [CrossRef]

17.  Wang, J.; Zhang, Z.; Wang, S. Facile fabrication of Ag/GO/Ti electrode by one-step electro-deposition for the enhanced cathodic
reduction of nitrate pollution. J. Water Process. Eng. 2021, 40, 101839. [CrossRef]

18. Li, Y,; Bian, C.; Xia, S.; Sun, J.; Tong, J. Micro electrochemical sensor with copper nanoclusters for nitrate determination in
freshwaters. Micro Nano Lett. 2012, 7, 1197-1201. [CrossRef]

19. Frag, E.Y,; Mohamed, M.E.-B.; Salem, H.S. Preparation and characterization of in situ car-bon paste and screen-printed potentio-
metric sensors for determination of econazole nitrate: Surface analysis using SEM and EDX. J. Iran. Chem. Soc. 2017, 14, 2355-2365.
[CrossRef]

20. Motaghedifard, M.H.; Pourmortazavi, S.M.; Alibolandi, M.; Mirsadeghi, S. Au-modified organ-ic/inorganic MWCNT/Cu/PANI

hybrid nano-composite electrode for electrochemical determination of nitrate ions. Microchim. Acta 2021, 188, 99. [CrossRef]
[PubMed]


https://doi.org/10.1016/S0065-2296(08)60226-8
https://doi.org/10.1016/B978-0-12-407247-3.00003-2
https://doi.org/10.1016/j.marchem.2005.09.008
https://doi.org/10.1021/ac00101a028
https://doi.org/10.1021/jp970284i
https://doi.org/10.1016/j.talo.2021.100032
https://doi.org/10.1039/b403975k
https://www.ncbi.nlm.nih.gov/pubmed/15292947
https://doi.org/10.1016/j.cogsc.2019.01.004
https://doi.org/10.1016/j.trac.2013.04.010
https://doi.org/10.1016/j.jhazmat.2016.11.055
https://doi.org/10.1109/JSEN.2016.2582038
https://doi.org/10.1016/j.snr.2020.100022
https://doi.org/10.1039/b714449k
https://www.ncbi.nlm.nih.gov/pubmed/20419217
https://doi.org/10.1002/elsa.202100184
https://doi.org/10.1016/S0022-0728(02)01443-2
https://doi.org/10.1016/j.jwpe.2020.101839
https://doi.org/10.1049/mnl.2012.0533
https://doi.org/10.1007/s13738-017-1171-4
https://doi.org/10.1007/s00604-021-04754-9
https://www.ncbi.nlm.nih.gov/pubmed/33625593

Sensors 2024, 24, 4501 10 of 10

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

Ambaye, A.D.; Muchindu, M; Jijana, A.; Mishra, S.; Nxumalo, E. Screen-printed electrode system based on carbon black/copper-
organic frame-work hybrid nanocomposites for the electro-chemical detection of nitrite. Mater. Today Commun. 2023, 35, 105567.
[CrossRef]

Wang, X.; Zhu, M.; Zeng, G.; Liu, X,; Fang, C.; Li, C. A three-dimensional Cu nanobelt cathode for highly efficient electrocatalytic
nitrate reduction. Nanoscale 2020, 12, 9385-9391. [CrossRef]

Inam, A KM.S.; Angeli, M.A.C.; Shkodra, B.; Douaki, A.; Avancini, E.; Magagnin, L.; Petti, L.; Lugli, P. Flexible Screen-Printed
Electrochemical Sensors Functionalized with Electrodeposited Copper for Nitrate Detection in Water. ACS Omega 2021, 6,
33523-33532. [CrossRef]

Hyusein, C.; Tsakova, V. Nitrate detection at Pd-Cu-modified carbon screen printed electrodes. |. Electroanal. Chem. 2023,
930, 117172. [CrossRef]

Elgrishi, N.; Rountree, K.J.; McCarthy, B.D.; Rountree, E.S.; Eisenhart, T.T.; Dempsey, J.L. A Practical Beginner’s Guide to Cyclic
Voltammetry. J. Chem. Educ. 2018, 95, 197-206. [CrossRef]

Bard, A.J.; Faulkner, L.R. Electrochemical Methods: Fundamentals and Applications, New York: Wiley, 2001, 2nd ed. Russ. J.
Electrochem. 2002, 38, 1364-1365. [CrossRef]

Mumtarin, Z.; Rahman, M.M.; Marwani, H.M.; Hasnat, M. A. Electro-kinetics of conversion of NO3~ into NO; ™ and sensing
of nitrate ions via re-duction reactions at copper immobilized plati-num surface in the neutral medium. Electrochim. Acta 2020,
346, 135994. [CrossRef]

Grujicic, D.; Pesic, B. Electrodeposition of copper: The nucleation mechanisms. Electrochim. Acta 2022, 47,2901-2912. [CrossRef]
Ngamchuea, K. An overview of the voltammetric behaviour of Cu single-crystal electrodes. Curr. Opin. Electrochem. 2023,
37,101193. [CrossRef]

Lotfi Zadeh Zhad, H.R.; Lai, R.Y. Comparison of nanostructured silver-modified silver and carbon ultramicroelectrodes for
electro-chemical detection of nitrate. Anal. Chim. Acta 2015, 892, 153—159. [CrossRef] [PubMed]

Zhao, Y,; Liu, Y.; Zhang, Z.; Mo, Z.; Wang, C.; Gao, S. Flower-like open-structured polycrystalline copper with synergistic
multi-crystal plane for efficient electrocatalytic reduction of nitrate to ammonia. Nano Energy 2022, 97, 107124. [CrossRef]
Chen, D.-].; Lu, Y.-H.; Wang, A.-]J.; Feng, ].-J.; Huo, T.-T.; Dong, W.-]. Facile synthesis of ultra-long Cu microdendrites for the
electrochemical detection of glucose. J. Solid State Electrochem. 2012, 16, 1313-1321. [CrossRef]

Zhang, R.; Zhang, S.; Cui, H.; Guo, Y.; Li, N.; Zhi, C. Electrochemical nitrate reduction to ammonia using copper-based
electrocatalysts. Next Energy 2024, 4, 100125. [CrossRef]

Patil, S.B.; Liu, T.-R.; Chou, H.-L.; Huang, Y.-B.; Chang, C.-C.; Chen, Y.-C,; Lin, Y.-S,; Li, H.; Lee, Y.-C.; Chang, Y.J.; et al.
Electrocatalytic Reduction of NO3~ to Ultrapure Ammonia on {200} Facet Dominant Cu Nanodendrites with High Conversion
Faradaic Efficiency. J. Phys. Chem. Lett. 2021, 12, 8121-8128. [CrossRef] [PubMed]

Shih, YJ.; Wu, Z.L.; Huang, Y.H.; Huang, C.P. Electrochemical nitrate reduction as affected by the crystal morphology and facet of
copper nanoparticles supported on nickel foam electrodes (Cu/Ni). Chem. Eng. J. 2020, 383, 123157. [CrossRef]

Qin, J.; Chen, L.; Wu, K.; Wang, X.; Zhao, Q.; Li, L.; Liu, B.; Ye, Z. Electrochemical Synthesis of Ammonium from Nitrates via
Surface Engineering in CuyO(100) Facets. ACS Appl. Energy Mater. 2022, 5, 71-76. [CrossRef]

Wang, Y.; Qin, X.; Shao, M. First-principles mechanistic study on nitrate reduction reactions on copper surfaces: Effects of crystal
facets and pH. J. Catal. 2021, 400, 62—67. [CrossRef]

Chen, L.-E; Xie, A.-Y,; Lou, Y.-Y;; Tian, N.; Zhou, Z.-Y.; Sun, S.-G. Electrochemical synthesis of Tetrahexahedral Cu nanocrystals
with high-index facets for efficient nitrate electroreduction. J. Electroanal. Chem. 2022, 907, 116022. [CrossRef]

Gonzalez-Meza, O.A; Larios-Duran, E.R.; Gutiérrez-Becerra, A.; Casillas, N.; Escalante, ].I. Development of a Randles-Seveik-like
equation to predict the peak current of cyclic voltammetry for solid metal hexacyanoferrates. J. Solid State Electrochem. 2019, 23,
3123-3133. [CrossRef]

Bontempelli, G.; Dossi, N.; Toniolo, R. Chemistry, Molecular Sciences and Chemical Engineering/Linear Sweep and Cyclic; Elsevier Inc.:
Amsterdam, The Netherlands, 2016; pp. 1-10.

Filimonov, E.V.,; Shcherbakov, A.I. Catalytic Effect of Copper Ions on Nitrate Reduction. Prot. Met. 2004, 40, 280-285. [CrossRef]
Farina, R.; Libertino, S. Nitrates Electrocatalytic Detection in Water by Copper Microflowers. Italian Patent 102024000005344,
Requested on 11 March 2024.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.mtcomm.2023.105567
https://doi.org/10.1039/C9NR10743F
https://doi.org/10.1021/acsomega.1c04296
https://doi.org/10.1016/j.jelechem.2023.117172
https://doi.org/10.1021/acs.jchemed.7b00361
https://doi.org/10.1023/A:1021637209564
https://doi.org/10.1016/j.electacta.2020.135994
https://doi.org/10.1016/S0013-4686(02)00161-5
https://doi.org/10.1016/j.coelec.2022.101193
https://doi.org/10.1016/j.aca.2015.08.022
https://www.ncbi.nlm.nih.gov/pubmed/26388486
https://doi.org/10.1016/j.nanoen.2022.107124
https://doi.org/10.1007/s10008-011-1524-3
https://doi.org/10.1016/j.nxener.2024.100125
https://doi.org/10.1021/acs.jpclett.1c02236
https://www.ncbi.nlm.nih.gov/pubmed/34410136
https://doi.org/10.1016/j.cej.2019.123157
https://doi.org/10.1021/acsaem.1c02319
https://doi.org/10.1016/j.jcat.2021.05.022
https://doi.org/10.1016/j.jelechem.2022.116022
https://doi.org/10.1007/s10008-019-04410-6
https://doi.org/10.1023/B:PROM.0000028923.12984.8c

	Introduction 
	Materials and Methods 
	Chemicals and Apparatus 
	Copper Micro-Flowers Electrodeposition and Storage 
	Electrochemical Characterization 

	Results 
	Morphological Characterization 
	Study of the Electrochemical Reaction on Electrodes 
	Electrochemical Sensor Performance for Nitrate Ion Detection 
	Reproducibility, Repeatability, and Stability of the Sensor 

	Conclusions 
	Patents 
	References

