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ABSTRACT 

Monitoring the concentration of nitrate (NO₃⁻), nitrite (NO₂⁻), and ammonium 

(NH₄⁺) ions in water is vital due to their significant environmental and health 

impacts. Nitrogen, essential for all living organisms, plays a key role in biological 

molecules such as proteins and nucleic acids. However, contamination from 

nitrogenous compounds, primarily due to agriculture, livestock, and wastewater, 

poses serious risks to aquatic ecosystems and public health. This PhD thesis 

centers on developing and characterizing sensitive, cost-effective, and portable 

electrochemical sensors for real-time detection of these ions. Utilizing screen-

printing technology enables the fabrication of electrodes with reproducible 

chemical performance, where surface modification of the working electrode (WE) 

is pivotal for sensitivity and selectivity. 

For nitrate detection, copper (Cu) was electrodeposited as well-defined micro-

flower crystals onto carbon Screen Printed Electrodes (SPEs), leveraging its high 

conductivity (5.8 × 10⁷ S/m) to enhance charge transfer. The resulting sensor 

exhibits a sensitivity of 44.71 µA/mM, a low detection limit (LoD) of 0.87 µM, 

and a linear range from 0.05 to 3 mM, with satisfactory stability (maximum RSD 

5%) and reproducibility (maximum RSD 4%). This work led to a PCT patent 

submission and two international journal publications. 

Nitrite sensors were fabricated by co-electrodeposition of CuO and MnO₂ on 

carbon electrodes. These oxides act synergistically as catalysts for the 

electrooxidation of NO₂⁻ to NO₃⁻, providing high catalytic activity with a 

sensitivity of 10.83 μA/μM, a LoD of 0.071 µM, and a linear range of 0.2–60 µM. 

The sensor demonstrated reproducibility with a maximum standard deviation of 

2.91% and repeatability for up to three uses, documented in an international 

journal publication. 
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Ammonium sensing employed conductive polymers and gold nanoparticles 

(AuNPs), combining the versatile polyaniline (PANI) polymer with AuNPs for 

efficient signal transduction. Two electrode functionalizations were performed 

using cyclic voltammetry: AuNP electrodeposition on commercial PANI/C 

electrodes (Au/PANI/C) and electropolymerization of PANI (PANIep) followed 

by AuNP deposition on carbon electrodes (Au/PANIep/C). The Au/PANI/C 

electrode shows excellent sensitivity at higher NH₄⁺ concentrations (LoD 0.34 

µM), but reduced sensitivity at lower levels (0.01 µM LoD) across 0.35 to 7 µM 

ranges. Conversely, Au/PANIep/C provides superior sensitivity at low 

concentrations (0.03 µM LoD) with a modest decrease at higher concentrations 

(0.07 µM LoD). Both electrodes exhibit good reproducibility, with maximum 

RSD values of 3.68% and 5.94%, respectively. 

All sensors were evaluated against common potential interferents including NO₃⁻, 

Cl⁻, NH₄⁺, and NH₂Cl, demonstrating negligible interference, confirming their 

selectivity and practical applicability for water quality monitoring. 
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List of Abbreviations 

Au NPs Gold Nanoparticles 

Au/PANI/C Carbon electrode modified with polyaniline and gold nanoparticles 

Au/PANIep/C Carbon electrode modified with electropolymerized polyaniline 
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CE Counter Electrode 

Cu/C Carbon electrode modified with copper 

Cu-Mn/C Carbon electrode modified with copper and manganese 
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LoD Limit of Detection 
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PANIep Electropolymerized polyaniline 

RE Reference Electrode 

RSD Relative Standard Deviation 

SD Standard Deviation 
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SEM Scanning Electron Microscopy 
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XPS X-ray Photoelectron Spectroscopy 
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INTRODUCTION 

Nitrogen is an essential element for all living organisms, playing a central role in 

biological systems, especially in proteins and nucleic acids [1]. However, when 

nitrogen compounds accumulate excessively in aquatic environments, they can 

lead to serious environmental issues and pose significant health risks. The 

contamination of water resources by nitrogen compounds such as nitrates, nitrites, 

and ammonium ions is therefore considered one of the most pressing 

environmental challenges worldwide. These pollutants primarly originate from 

anthropogenic activities, especially intensive agriculture, livestock farming, and 

domestic wastewater discharge, and can severely impact both aquatic ecosystems 

and human health [2,3]. According to the World Health Organization (WHO), the 

maximum recommended levels in drinking water are 50 mg/L for nitrate and 3 

mg/L for nitrite. The European Union also set a limit for ammonium, typically at 

0.5 mg/L. Accurate and continuous monitoring of these species is essential to 

ensure water quality for human consumption, agricultural use, and environmental 

protection [4].  

Although conventional analytical methods are highly sensitive and reliable, are 

often expensive, time-consuming, and require sophisticated instrumentation and 

trained personnel—factors that limit their suitability for on-site and real-time 

analysis. In this context, electrochemical sensors based on screen-printed 

electrodes have emerged as a promising alternative owing to their low cost, 

portability, rapid response, and potential for mass production with good 

reproducibility [5-7].  

This thesis is organized into four main chapters, each addressing specific aspects 

of electrochemical sensing of nitrogen species in water. Chapter 1 lays the 

foundational knowledge, detailing the basic principles of electrochemical sensing 

and the use of screen-printed electrodes as versatile platforms for sensor 
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development. Chapter 2 focuses on the design, fabrication, and detailed 

characterization of copper-modified carbon SPEs for the electrochemical 

detection of nitrate ions, including morphological studies, electrochemical 

behavior, and sensor performance tests under various conditions. Chapter 3 

presents the development of nitrite sensors based on synergistic copper and 

manganese oxide catalysts electro deposited onto carbon electrodes, analyzing 

their catalytic mechanisms, sensitivity, selectivity, and application potential. 

Chapter 4 explores sensor architectures for ammonium ion detection, combining 

conductive polymers such as polyaniline with gold nanoparticles, emphasizing 

different electrode fabrication strategies, morphological and electrochemical 

characterization, and evaluation of sensing efficacy. The concluding section 

summarizes the major findings, compares the developed sensors with existing 

technologies, and discusses future directions for implementing these systems in 

real-world water quality monitoring. 

  



14 

REFERENCES 

[1] Forde, B.G.; Clarkson, D.T. Nitrate and Ammonium Nutrition of Plants: 

Physiological and Molecular Perspectives. Adv. Bot. Res. 1999, 30, 1–90. 

https://doi.org/10.1016/S0065-2296(08)60226-8. 

[2] Edwards, T.M.; Puglis, H.J.; Kent, D.B.; López Durán, J.; Bradshaw, L.M.; Farag, 

A.M. Ammonia and Aquatic Ecosystems—A Review of Global Sources, 

Biogeochemical Cycling, and Effects on Fish. Sci. Total Environ. 2024, 907, 167911. 

https://doi.org/10.1016/j.scitotenv.2023.167911. 

[3] Picetti, R.; Deeney, M.; Pastorino, S.; Miller, M.R.; Shah, A.; Leon, D.A.; Dangour, 

A.D.; Green, R. Nitrate and Nitrite Contamination in Drinking Water and Cancer Risk: 

A Systematic Review with Meta-Analysis. Environ. Res. 2022, 210, 112988. 

https://doi.org/10.1016/j.envres.2022.112988. 

[4] Li, D.; Xu, X.; Li, Z.; Wang, T.; Wang, C. Detection Methods of Ammonia Nitrogen 

in Water: A Review. TrAC Trends Anal. Chem. 2020, 127, 115890. 

https://doi.org/10.1016/j.trac.2020.115890. 

[5] Hanrahan, G.; Patil, D.G.; Wang, J. Electrochemical Sensors for Environmental 

Monitoring: Design, Development and Applications. J. Environ. Monit. 2004, 6, 657–

664. https://doi.org/10.1039/b403975k. 

[6] Yáñez-Sedeño, P.; Campuzano, S.; Pingarrón, J.M. Electrochemical (Bio)Sensors: 

Promising Tools for Green Analytical Chemistry. Curr. Opin. Green Sustain. Chem. 

2019, 19, 1–7. https://doi.org/10.1016/j.cogsc.2019.01.004. 

[7] Yáñez-Sedeño, P.; Campuzano, S.; Pingarrón, J.M. Screen-Printed Electrodes: 

Promising Paper and Wearable Transducers for (Bio)Sensing. Biosensors 2020, 10(7), 

76. https://doi.org/10.3390/bios10070076. 

 

 

https://doi.org/10.1016/S0065-2296(08)60226-8
https://doi.org/10.1039/b403975k
https://doi.org/10.1016/j.cogsc.2019.01.004


15 

CHAPTER 1 

FUNDAMENTALS OF ELECTROCHEMICAL SENSING AND 

SCREEN-PRINTED ELECTRODES 

1- Fundamentals of Electrochemistry 

Electrochemistry is the scientific field that investigates the relationship between 

electrical energy and chemical transformations. The fundamental processes in 

electrochemistry are redox (reduction-oxidation) reactions, which involve the 

transfer of electrons between chemical species. In a redox reaction, one species 

loses electrons (oxidation) while another gains electrons (reduction).  

Central to this process is the electrochemical cell composed of three electrodes: a 

working electrode (WE), where the analyte undergoes site-specific oxidation or 

reduction; a reference electrode (RE) to ensure the precise application of the WE 

potential; and a counter electrode (CE) to complete the circuit [1]. Redox 

reactions facilitate the conversion of chemical interactions into quantifiable 

electrical signals, such as current, potential, or impedance, which are directly 

proportional to the concentration of the target analyte. The driving force for redox 

reactions is the difference in electrochemical potential between the reactants and 

products [2]. This potential difference can be described quantitatively by the 

Nernst equation (Eq. 1), which relates the electrode potential to the concentrations 

of the chemical species involved: 

𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln

[𝑂𝑥]𝑎

[𝑅𝑒𝑑]𝑏
            (1) 

where E is the electrode potential, E0 is the standard electrode potential, R is the 

gas constant, T is the temperature in Kelvin, n is the number of electrons 

transferred, F is the Faraday constant, [Ox] and [Red] are the concentrations of 
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the oxidized and reduced forms, respectively, while a and b are the stoichiometric 

coefficients of [Ox] and [Red].  

The current produced, resulting from the change in oxidation state of the 

electroactive species, is termed the Faradaic current because it obeys Faraday’s 

law (that is, the reaction of 1 mole involves a change of n x 96,485.33 C). The 

Faradaic current is a direct measure of the rate of redox reaction. The rate at which 

these redox reactions occur at an electrode is governed by two main factors: 

charge-transfer kinetics and mass transport. Charge-transfer kinetics refer to the 

intrinsic ability of electrons to move between the electrode and the redox species. 

This is described by the Butler-Volmer equation, which relates the current to the 

applied potential, the standard rate constant, and the concentrations of the 

reactants at the electrode surface [3]. The rate constant for electron transfer 

depends on the electronic structure of the electrode material, the nature of the 

redox species (such as the energies of their HOMO/LUMO orbitals), and the 

structure of the solution. Mass transport refers to how quickly the reactant species 

reach the electrode surface from the bulk solution. This can occur via diffusion 

(movement due to concentration gradients), migration (movement in response to 

an electric field), or convection (bulk movement of the solution). In most practical 

electrochemical systems, diffusion is the dominant mode of mass transport, 

especially when a supporting electrolyte is present to minimize migration effects. 

Depending on the relative rates of these two processes, the overall reaction can 

be: 

- Kinetically controlled: If the electron transfer at the electrode is slow 

compared to the arrival of reactants by diffusion, the current is determined 

by the charge-transfer kinetics. In this case, the concentration of reactant 

at the electrode surface is nearly equal to that in the bulk solution, and the 

reaction rate increases with increasing overpotential. 
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- Diffusion-controlled (mass transport-controlled): If the electron transfer is 

very fast, the reactant is consumed as soon as it reaches the electrode 

surface. The rate-limiting step becomes the diffusion of reactant from the 

bulk solution to the electrode. Here, the current is determined by the 

diffusion coefficient, the concentration gradient, and the thickness of the 

diffusion layer. 

In real systems, there can be mixed control, where both charge-transfer kinetics 

and mass transport influence the reaction rate. The interplay between these factors 

determines whether a reaction is reversible (fast kinetics, limited by diffusion) or 

irreversible (slow kinetics, limited by electron transfer) [4]. 

 

2- Electrochemical Sensing Techniques 

Electrochemical sensors utilize various measurement techniques to analyze the 

interaction of analytes with the electrode surface. The three main techniques used 

in this thesis are: cyclic voltammetry (CV), linear sweep voltammetry (LSV), and 

chronoamperometry (CA) [5].  

Cyclic Voltammetry applies a triangular potential waveform to the working 

electrode, sweeping linearly between two set potentials in a cyclic manner. This 

method is indispensable for characterizing redox-active materials, as the resulting 

voltammogram displays oxidation and reduction peaks that reveal reaction 

reversibility, electron transfer kinetics, and surface adsorption processes [6]. The 

peak separation (ΔEp) and peak current ratios (Ipa/Ipc) provide insights into 

reaction mechanisms, while the peak potential (Ep) correlates with the formal 

reduction potential (E⁰) of the analyte.  
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Figure 1. Typical cyclic voltammogram for a reversible redox process, where Epa and Epc 

correspond to the potential values at which the maximum anodic and cathodic peak currents (ipa 

and ipc respectively) are recorded. 

Linear Sweep Voltammetry employs a unidirectional potential sweep, typically 

from a lower to a higher potential, to drive analyte-specific oxidation or reduction. 

Unlike CV, LSV does not reverse the sweep direction, making it ideal for 

analytical quantification. The peak current (Ip) in LSV is directly proportional to 

analyte concentration, as described by the Randles-Ševčík equation (Eq. 2): 

𝑖𝑝 = −2.69 ×  105 𝑛
3

2 𝐴𝐷0

1

2 ν
1

2 𝐶            (2) 

where ip is the peak current, n is the number of electron transfers, A is the active 

surface area (cm2), Do is the diffusion coefficient, v is the scan rate (Vs–1), and C 

is the analyte concentration (mol cm–3) [1]. The Randles-Ševčík equation is a tool 

in electrochemistry that allows us to relate three key parameters: surface area, 

diffusion coefficient, and redox concentration [7-9].  
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Chronoamperometry (CA) applies a fixed potential step to initiate redox 

reactions, measuring the transient current response over time. The current decay 

follows the Cottrell equation (Eq. 3): 

𝐼 (𝑡) =
𝑛𝐹𝐴𝐶√𝐷

√𝜋𝑡
                  (3) 

where t is the time, n is the number of electron transfers, F is the Faraday constant, 

A is the active surface area (cm2), D is the diffusion coefficient, and C is the 

analyte concentration (mol·cm–3).  

This diffusion-controlled process enables highly sensitive detection of trace 

electroactive species, as the initial current is proportional to analyte concentration. 

The CA temporal resolution is particularly advantageous for studying reaction 

kinetics, adsorption-desorption phenomena, and catalytic processes at modified 

electrode surfaces [10]. 

3- Screen Printed Electrodes (SPEs) 

Screen-Printed Electrodes (SPEs) are miniaturized electrochemical sensing 

platforms fabricated by depositing conductive and insulating inks onto flat 

substrates such as plastic, ceramic, or paper using a layer-by-layer screen-printing 

process. These devices integrate the three-electrode system: working electrode, 

reference electrode, and counter electrode, into a single compact unit, enabling 

rapid and cost-effective analysis with minimal sample volumes (in the µL range) 

[10].  
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Figure 2. Screen Printed Electrodes (SPE). 

The properties of the electrochemical cell are determined by the composition of 

the inks used during printing, while surface functionalization of the working 

electrode plays a critical role in enhancing the sensitivity and selectivity of the 

sensor for specific target analytes. The WE can be modified with a wide range of 

materials, including metal nanoparticles, metal oxides, organic molecules, and 

conducting polymers, to improve its electrochemical performance [11]. During 

sensing, the system undergoes an electrochemical reaction that induces 

measurable changes in current, potential, charge, conductivity, or impedance, 

depending on the technique employed. The miniaturized design of SPEs makes 

them suitable for portable, on-site applications and real-time monitoring, 

minimizing the need for large volumes of reagents and samples. Their small size, 

linear response, low power consumption, fast response time, high sensitivity, and 

ability to operate at room temperature make them ideal for the development of 

compact, field-deployable electrochemical sensing systems [12]. 
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CHAPTER 2 

NITRATE ION SENSING 

1- Introduction and State of the Art 

Nitrates are stable, highly water-soluble nitrogen compounds that represent the 

predominant oxidized form of nitrogen in natural systems. While essential for 

plant growth, nitrates become harmful contaminants when present in excessive 

concentrations in water bodies. Their primary sources include nitrogen-based 

fertilizers, animal waste, and wastewater discharges. Beyond their ecological 

effects, such as eutrophication, high nitrate levels in drinking water are associated 

with serious health risks, including methemoglobinemia and potential links to 

cancer. 

Electrochemical sensors have emerged as powerful tools for the detection of NO₃⁻ 

in aqueous environments, leveraging various transduction mechanisms including 

potentiometric, amperometric, and conductometric approaches. Among the 

diverse electrode materials explored, copper, platinum, silver, and gold have been 

extensively studied due to their favorable catalytic and electrochemical properties 

[1, 2]. For instance, a flexible screen-printed amperometric sensor functionalized 

with electrodeposited copper nanoclusters on silver working electrodes 

demonstrated remarkable sensitivity, achieving a LoD of 0.207 nM and a dynamic 

linear range from 0.05 to 0.5 mM, as measured by linear sweep voltammetry [3]. 

Similarly, nitrate detection has been investigated using commercial single-walled 

carbon nanotube (SWCNT)-modified copper and palladium-copper electrodes in 

acidic media, yielding an extended concentration range from 0.1 to 7.8 mM and 

an LoD of 52 μM [1]. These studies underscore the potential of combining 

nanostructured materials with screen-printed electrodes to develop sensitive, cost-

effective, and portable sensors. Building upon this foundation, this work focuses 
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on the electrochemical deposition of copper micro-flower structures onto 

commercially available carbon SPEs via cyclic voltammetry, aiming to fabricate 

a low-cost, high-performance nitrate sensor.  

This chapter presents the development and characterization, including structural 

and electrochemical, of an SPE-based electrochemical sensor for the detection of 

nitrate ions in water.  

 

2- Materials and Methods  

To develop the nitrate sensor, a screen-printed electrode was used, consisting of 

a carbon working electrode, a silver reference electrode, and a platinum counter 

electrode. Carbon WEs offer several advantages, including low cost, high 

versatility, and ease of surface modification. The sensor was fabricated by 

modifying the carbon WE with copper. Cu is an attractive material for 

electrocatalytic nitrate reduction due to its high electrical conductivity (5.8 × 10⁷ 

S/m), cost-effectiveness, and excellent catalytic properties [3]. When copper is 

electrodeposited in the form of microcrystalline "flower-like" structures 

composed of metallic Cu and copper oxides (Cu₂O, CuO), its catalytic 

performance is further enhanced [4,5]. The presence of copper oxides, such as 

Cu₂O, can further modulate the electronic structure of the catalyst, promoting key 

intermediates in NO3
- reduction [6]. These micro-flower morphologies present a 

high density of edges, tips, and defects, which serve as abundant and highly 

reactive active sites for NO3
- adsorption and its subsequent reduction [7,8]. The 

increased surface area and exposure of under-coordinated copper atoms at these 

sites facilitate more efficient electron transfer between the electrode and nitrate 

ions [9]. Functionalization of the working electrode was carried out by cyclic 

voltammetry. Sensor performance was examined by linear sweep voltammetry.  
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3- Cu/C electrodes fabrication 

Electrode preparation was performed via cyclic voltammetric electrodeposition 

of copper according to the functionalization schematic shown in Figure 1. Copper 

was electrochemically deposited onto a carbon WE (diameter 4 mm) by 

performing 2, 5, 7, 10, 12, and 15 potential cycles between 1.0 V and 0.0 V at a 

scan rate of 0.1 Vs⁻¹ [10]. The deposition was carried out in an unstirred 

electrolyte solution containing 0.1 M CuSO₄ and 0.1 M KCl [11].  

 

Figure 1. Schematic representation of the Cu/C electrode functionalization process. 

Each CV cycle lasted approximately 2 minutes. During the cathodic scan (toward 

more negative potentials), Cu²⁺ ions in solution were reduced to metallic copper, 

leading to its deposition on the electrode surface. During the anodic (reverse) 

scan, a portion of the deposited copper could be re-oxidized, depending on the 

scan parameters and potential limits. This deposition process generated a variety 

of copper morphologies on the carbon surface, influenced by the number of cycles 

performed [10]. 
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4- Morphological and compositional characterization of Cu/C electrodes 

Scanning electron microscopy (SEM) was used to investigate the morphology of 

copper deposited on carbon WE subjected to 2, 5, 7, 10, 12, and 15 cycles of 

cyclic voltammetry. After 2 cycles (Figure 2a), copper deposition appeared non-

uniform, with the underlying carbon surface still widely uncovered. In contrast, 5 

cycles (Figure 2b) resulted in a more homogeneous distribution of copper across 

the electrode surface and the uncovered surface is strongly reduced but still 

present. After 7 cycles, larger copper crystallites form, although parts of the 

carbon substrate remain exposed (Figure 2c). After 10, 12, and 15 cycles, the 

carbon surface is almost completely covered by merged copper structures, 

indicating extensive cluster growth (Figure 2d-f).  

Higher magnification SEM images (Figure 3) revealed the evolution of copper 

morphology with increasing deposition cycles. Flower-like crystalline structures 

were already evident after 2 cycles (Figure 3a) and became more defined and 

oriented after 5 cycles (Figure 3b). These micro-flowers exhibited high surface-

to-volume ratios and preserved porosity, facilitating enhanced electrochemical 

accessibility for NO₃⁻ detection. However, from 7 cycles onward, the copper 

structures grew denser and more swollen, with evident nucleation centers along 

preferred crystallographic orientations (Figure 3c).  
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Figure 2. SEM images of C electrodes modified with (a) 2, (b) 5, (c) 7, (d) 10, (e) 12, (f) 15 cycles 

of Cu electrodeposition. 

By increasing the number of deposition cycles (Figure 3d–f), the formation of 

large Cu clusters led to a reduction in electroactive sites and full carbon surface 

coverage.  
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Figure 3. High-magnification SEM images of C electrodes modified with (a) 2, (b) 5, (c) 7, (d) 

10, (e) 12, (f) 15 cycles of Cu electrodeposition. 

 

These morphological changes significantly influence the electrocatalytic 

properties and effective surface area of the electrodes. At higher number of 
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deposition cycles, the crystallites already formed act as nucleation centers along 

the crystal orientation; this phenomenon promotes the formation of larger clusters, 

thus reducing the active surface area. Therefore, variations in crystal shape and 

structure result in different active sites and affect charge/mass transfer [12,13]. 

The flower-like structure of the crystallites, grown after 5 CV cycles, favors a 

greater catalytic effect. Their formation is associated with anion-induced 

directional growth of Cu crystal planes; this effect fully exposes the active sites 

and increases the synergistic catalytic efficiency as specifically shaped 

electrocatalysts can expose distinct crystal facets, enhancing both activity and 

selectivity for nitrate reduction due to differences in adsorption energy of 

intermediate species [14,15]. 

To further analyze the surface composition, energy-dispersive X-ray spectroscopy 

(EDS or EDX) was conducted on both the unmodified SPCE and the Cu/C-

modified electrode after 5 CV cycles.  

 

 

Figure 4. EDS of (a) bare SPCE and (b) Cu/C-modified electrode after 5 CV cycles. 
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The bare SPCE consisted mainly of carbon (90.40 wt%), along with small 

amounts of oxygen (2.54 wt%), silicon (0.36 wt%), and chlorine (6.86 wt%) 

(Figure 4a). After 5 cycles of Cu electrodeposition, the composition shifted to 

70.05 wt% Cu, 21.10 wt% Cl, 6.98 wt% C, and 1.88 wt% O (Figure 4b), 

confirming extensive copper deposition. Notably, the percentage values obtained 

for each element provide an average surface composition, since the Cu structures 

are not forming a fully homogeneous and flat coverage on the bare carbon WE. 

Hence, the obtained values are in the expected range and reveal that most of the 

electrode surface is covered with electrodeposited Cu. 

The electrodes modified with the various deposition cycles were characterized by 

X-ray diffraction (XRD) to evaluate their crystallographic structure. Figure 5 

shows the XRD pattern comparison of the bare SPCE electrode (black trace) and 

the modified ones. The 2 cycles modified Cu/C electrode (purple trace in Figure 

5a) shows peaks at 2θ = 39.76°, 47.46°, and 54.60° corresponding to the Bragg 

reflections of crystalline CuO(002), CuCl(220), and CuO(020) respectively [15]. 

The pattern of 5 cycles Cu/C modified electrode (blue trace in Figure 5b) shows 

peaks at 2θ=50.48°, and 74.13° corresponding to the Bragg reflections of 

crystalline Cu(200), and Cu(220), and peaks at 2θ = 36.18°, 39.76°, and 47.46° 

corresponding to CuO(002), CuO(022), and CuO(-202), respectively. The peak at 

46.3° corresponds to CuCl(220). Therefore, the 5-cycle Cu/C modified electrode 

shows three additional peaks, corresponding to metallic copper and a different 

CuO lattice. Cu/C electrodes after 7 cycles (light blue trace) and 10 cycles (green 

trace) show similar patterns to the 5-cycles modified electrode (Figures 5c-d).  
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Figure 5. XRD pattern of bare SPCE (black trace) and: (a) 2 cycles (purple trace); (b) 5 cycles 

(blue trace); (c) 7 cycles (light blue trace); (d) 10 cycles (green trace); (e) 12 cycles (yellow trace); 

(f) 15 cycles (red trace) of Cu electrodeposited electrodes. 

 

The absence of the CuO(-202) peak is observed in 12-cycles pattern (yellow trace 

in Figure 5e). Finally, the 15-cycles pattern (red trace) shows only peaks related 

to CuO(022) and CuCl(220) crystal structures (Figure 5f). 
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Different crystallographic orientations have different surface energies, which 

affect the thermodynamic stability, the ability to adsorb nitrate iones, and the 

reactivity. Surfaces with lower surface energies tend to be more stable but less 

reactive, while those with higher energies may be more reactive. Furthermore, 

different crystallographic orientations offer different densities of active sites, 

influencing the number of sites available for the catalytic reaction. Therefore, a 

surface with a higher density of exposed copper atoms can adsorb nitrates more 

effectively. Metallic copper is known to facilitate nitrate reduction due to its high 

electrical conductivity and availability of conduction electrons [1,2,16]. 

Conversely, the presence of chlorine can negatively influence the active sites 

nature and their interaction with nitrates. The obtained patterns confirm the 

successful coverage of crystalline Cu on top of the carbon WE [18]. Additionally, 

the observation aligns with those of Inam et al. [3] and Chen et al. [18] who 

demonstrated that the morphology of Cu electrocrystallization is controlled by the 

surface energies of the crystallographic planes.  

Raman analysis of the SPCE after 2, 5, 7, 10, and 15 CV copper electrodeposition 

cycles was performed (Figure 6). The spectra show distinct differences between 

the bare carbon electrode and the modified electrodes. The Raman shift range 

(300-1200 cm⁻¹) primarily captures the vibrational modes associated with copper 

oxide species, as the characteristic carbon D and G bands appear at higher 

wavenumbers (~1350 and ~1580 cm⁻¹). The prominent peaks observed around 

520-560 cm⁻¹ and 610-630 cm⁻¹ can be attributed to Cu₂O, usually characterized 

by peaks around 520-540 cm⁻¹, and CuO, usually associated with peaks around 

290-300 cm⁻¹ and 610-630 cm⁻¹. 

The slight shifts and intensity changes in these peaks across samples with different 

deposition cycles suggest an increase in copper oxide presence on the electrode 

surface as the number of functionalization cycles increases, likely due to 
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progressive oxidation or greater incorporation of copper oxides into the carbon 

electrode surface. 

 

Figure 6. Raman spectra of bare (green line) SPCEs and modified with 2 (greenish line), 5 (light 

blue line), 7 (magenta line), 10 (red line), 12 (orange line), and 15 (yellow line) cycles of Cu 

electrodeposition. 

 

X-ray photoelectron spectroscopy (XPS) analysis provide a flat line for the bare 

SPCE, indicating no copper species are present on the unmodified electrode 

surface (red line, Figure 7). The spectra of the modified electrodes show well-

defined Cu2p peaks, confirming successful copper/copper oxides deposition on 

the carbon surface. The intensity of the peaks increases moderately with 

additional deposition cycles. The peak position at 932.8 eV is consistent with 

either metallic copper or Cu₂O, which cannot be distinguished by Cu2p XPS alone 

due to their similar binding energies. The absence of prominent satellite peaks (in 

the 940-945 eV region) suggests that Cu(II) species (e.g., CuO) are not dominant 

in these samples.  
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Figure 7. XPS spectra of electrodes: SPCE bare (red line), Cu/C electrodes modified with 5 (green 

line), 7 (black line), and 15 (blue line) cycles of Cu electrodeposition. 

 

This interpretation aligns with the XRD results, which detected various copper 

species, including CuO and CuCl, on the modified electrodes, with different 

crystalline structures forming depending on the number of deposition cycles. In 

addition, the relatively strong signal indicates a significant copper coverage, 

consistent with SEM images showing uniform distribution of Cu atoms over the 

entire carbon electrode surface. 

5- Electrochemical characterization of Cu/C electrodes 

Electrochemical characterization of the bare and copper modified carbon 

electrodes was performed in a 0.1 M KCl electrolyte solution, both in the absence 

(Figure 8a) and in the presence of nitrate to a concentration of 1.6 mM (Figure 

8b). In the electrolyte solution, the bare SPCE (black dash-dash trace) exhibits the 

C0 wave characteristic of the electrode, which becomes smoother in the case of 

the copper-modified electrode. This wave remains unchanged in the presence of 

nitrate, demonstrating the bare carbon electrode inactivity towards nitrate ions. 
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Figure 8a shows the voltammograms corresponding to the different deposition 

cycle numbers. They exhibit two cathodic peaks at −0.33 V (C1) and −0.75 V (C2). 

C1 and C2 are associated with the reduction of Cu(I) and Cu(II), as illustrated by 

Equations (1) and (2). Their presence indicates the successful coating of the 

carbon WE [19]. 

 

Cu(I) +  e−  →  Cu (1) 

Cu(II) +  2e−  →  Cu (2) 

 

 

Figure 8. CV in 0.1 M KCl of (a) bare C electrode (black dash-dash trace) and Cu/C modified 

electrodes: 2 cycles (purple trace), 5 cycles (blue trace), 7 cycles (light-blue trace), 10 cycles 

(green trace), 12 cycles (yellow trace), 15 cycles (red trace); (b) same electrodes in the presence 

of nitrate (1.6 mM NO3
-). 

 

In the presence of 1.6 mM NO3
- (Figure 8b), two additional reduction peaks at -

0.86 V (C3) and -1.08 V (C4) appear in the cyclic voltammograms of the Cu/C 

modified electrodes. C3 and C4 denote the diffusion currents related to the 

reduction of NO3
– and NO2

– [19]. These reactions are illustrated by Equations (3) 

and (4).  
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𝑁𝑂3
− +  𝐻2O +  2e−  →  𝑁𝑂2

− + 2𝑂𝐻− (3) 

𝑁𝑂2
− +  5𝐻2O +  2e−  →  𝑁𝐻3 + 7𝑂𝐻− (4) 

 

The obtained results agree with those reported by Inam et al.[3], and Lotfi Zadeh 

Zhad et al. [20]. 

To optimize the Cu deposition process each electrode was examined via LSV in 

four different NO3
- solutions (0.1, 0.8, 1.6, and 3 mM).  

 

Figure 9. Calibration curves of the electrodes obtained for different electrodeposition cycles as a 

function of nitrate concentration (0.1, 0.8, 1.6 and 3 mM): 2 cycles (violet squares), 5 cycles (blue 

dots), 7 cycles (light blue triangles), 10 cycles (green triangles), 12 cycles (yellow squares), 15 

cycles (red triangles). The points indicate the cathodic current peak at –0.86 V, while the solid 

lines (same color as points) represent the linear best fit of the data. 

Figure 9 shows the reduction current peak at – 0.86 V of the six developed 

electrodes plotted against NO3
– concentration. The electrodes show different 

sensitivities to nitrate ions electroreduction depending on the deposition process.  
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Electrodes Sensitivity Surface Area (cm2) 

Bare C - 0.0197 

2 cycles 35.94 μA/mM 0.0854 

5 cycles 46.80 μA/mM 0.1079 

7 cycles 42.19 μA/mM 0.0981 

10 cycles 41.33 μA/mM 0.0942 

12 cycles 42.53 μA/mM 0.1001 

15 cycles 40.32 μA/mM 0.0853 

Table 1. Sensitivity and calculated surface area of the different electrodes  

Table 1 shows the measured sensitivity for each electrode. The results indicated 

that 5 CV cycles provide the best performance in terms of sensitivity and 

efficiency in nitrate reduction. The microflower structure enhances catalytic 

activity in the electroreduction of nitrate, which occurs predominantly at the tips 

of the well-defined Cu crystals structures. These tips serve as active sites due to 

the presence of more exposed copper atoms at the crystal edges compared to 

curved surfaces. These atoms, being less coordinated, are more reactive and 

therefore interact more readily with NO3
-. As a result, the tips facilitate local 

nitrate ion diffusion, reducing the mass-transport limitations typical of rounder 

surfaces where reactants transport surface is less effective.  

Using the Randles–Ševčík equation (Eq. 5, where the number of electrons of the 

reaction is 2 for NO3
–, and the diffusion coefficient of the redox species is 2.0 × 

10–6 cm2/s for NO3
–) [21-23], the relative surface areas of the six different 

electrodes were calculated (Table 1).  

𝑖𝑝 = (2.99 × 105) ∗ n[α𝑛𝑎

1

2] 𝐴𝐷0

1

2 Cν
1

2      (5) 

A significant increase in surface area was seen for different copper-modified 

electrodes compared to the bare SPCE (100%). Figure 10 shows that the 
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calculated sensitivity for each electrode correlates with the corresponding 

calculated surface area. 

 

Figure 10. Sensitivity (blue dots, right vertical right) and calculated electrode surface area (green 

squares, left vertical axis) for 3 mM NO3
–, as a function of Cu functionalization cycles. 

The results confirmed that the electrode modified by 5 electrodeposition cycles is 

the most efficient in NO3
– reduction among the six. It is followed by the electrodes 

modified with 12, 7, 10, and 15 cycles, and finally the 2 cycles electrode. The 

differences in sensitivity and surface area can be attributed to the morphological 

structure of the deposited copper and the carbon coating on the electrode. A higher 

surface area value indicates a more active surface formed by well-defined 

structures, suggesting controlled growth of copper with enhanced reactivity. The 

presence of nucleation centers on previously formed crystals indicates more 

complex growth dynamics, with new copper layers forming over the existing ones 

(e.g., electrodes with 7 and 12 CV cycles). This is consistent with a structure that 

increases the active area, though not as much as the more defined microstructures 

from less cycles (2 and 5 CV cycles). In contrast, the formation of large, ill-

defined clusters leads to a decrease in the active area, as the aggregation reduces 
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the surface available for nitrate reduction. Thus, the reduction in the active area is 

consistent with the formation of coarser and less electrochemically efficient 

structures (e.g., electrodes with 10 and 15 CV cycles) and a decrease in sensitivity 

and performances. Finally, the electrode modified with 2 CV cycles exhibits the 

lowest sensitivity and smallest surface area: despite the presence of copper grains 

with defined morphology, the electrode coverage is poor.  

 

6- Study of the electrochemical reaction on electrode 

The reaction mechanism was investigated by studying the electrochemical 

reduction of nitrate on the Cu/C electrode modified after 5 CV cycles. The Cu d-

orbitals are energetically aligned with the lowest unoccupied molecular π* 

orbitals of NO₃⁻, which facilitates efficient electron transfer at the catalyst surface 

[17, 24]. The scan rate effect on the NO₃⁻ reduction peak across a range of 50 to 

500 mV·s⁻¹ allows for evaluating the reaction kinetics. As shown in Figure 11a, 

the peak potential (Ep) shifts toward more negative values with increasing scan 

rate, which is characteristic of a diffusion-controlled and electrochemically 

irreversible process. Figure 11b illustrates the relationship between the cathodic 

peak current and the square root of the scan rate. The linear increase in peak 

current with √𝑣 confirms that the reduction process is controlled by diffusion, 

consistent with the Randles–Ševčík equation (Eq. 5). 
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Figure 11. (a) 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 a linear best fit to 

the data. (c) ΔEp/2 as a function of the scan rate for nitrate reduction. 

 

Further insight into the reaction kinetics was obtained by analyzing the half-peak 

potential (Ep/2), which is the potential at which the current reaches half of its 

maximum value. Figure 11c presents ΔEp/2 (defined as Ep – Ep/2) plotted against 

the scan rate. Across the scan rate range studied (50 to 500 mVs⁻¹), ΔEp/2 

remained constant, with an average value of 20 mV (standard deviation: 2 mV, n 

= 3). This stability demonstrates that the transfer coefficient of the NO₃⁻ reduction 

reaction is independent of the scan rate, supporting a diffusion-limited mechanism 

with minimal kinetic dependence on scan rate. 

7- Electrochemical Sensor Performance for Nitrate Ion Detection in 

water and interferences tests 

To evaluate the analytical performance of the electrochemical sensor for the 

detection of NO3
-, linear sweep voltammetry was employed in a 0.1 M KCl 

electrolyte solution (pH = 7).  
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Figure 12. Calibration curve of the electrode as a function of nitrate concentration (from 0.05 to 3 

mM). The points, representing the average peak current measured by three sensors, indicate the 

cathodic current peak maximum at – 0.86 V. The error bars account for the standard deviation 

(SD). 

This electrolyte was selected as it provides a stable environment that enables 

direct measurement of NO₃⁻ without compromising the sensor performance or 

requiring pH adjustment. The calibration curve was constructed by averaging 

three measurements of the NO₃⁻ reduction peak current, recorded at – 0.86 V, over 

a concentration range of 0.05 – 3.0 mM. The resulting data showed a linear 

response with a sensitivity of 44.71 μAmM⁻¹, determined as the fit slope, and a 

coefficient of determination (R²) of 0.9928 (n = 3), as reported in Figure 12. The 

limits of detection (LoD) were calculated using the standard formula (Eq. 6): 

𝐿𝑜𝐷 =  
3σ

𝑆
                        (6) 

where σ represents the standard deviation of the blank signal and S is the slope of 

the calibration curve. The LoD was estimated to be 0.87 µM. The linear increase 

in Cu(II) reduction peak current observed with rising nitrate concentration 
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highlights the catalytic role of copper in the reduction process. This catalytic 

behavior is consistent with findings reported by Filimonov et al. [25], who 

demonstrated that cuprous ions facilitate nitrate reduction due to their 

electrochemical activity, thus enhancing both mass transport and electron transfer 

at the electrode surface. 

To validate the performance of the electrochemical sensor, the results were 

compared with those obtained using UV–vis spectrophotometry in the same 

nitrate concentration range and the results are summarized in Figure 13.  

 

Figure 13. Calibration curve for nitrate detection using UV-vis spectrophotometer (red dots 

referencing the right axis) and the Cu/C sensor (blue squares referencing the left vertical axis). 

Each point represents the average peak current from three measurements. 

Red dots (right y-axis) represent the absorbance data, while blue squares (left y-

axis) represent the average peak currents from the electrochemical measurements. 

The comparison revealed that the electrochemical sensor sensitivity is only 1.6 

times lower than the spectrophotometric method one, confirming the reliability 

and good analytical performance of the developed sensor. 
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The Cu/C-modified electrode is selective for nitrate also in the presence of 

common interferents. The CV curves presented in Figure 14 provide strong 

evidence for the selectivity of the Cu/C-modified electrode toward nitrate in the 

presence of typical interferents such as nitrite (NO₂⁻) and ammonium (NH₄⁺).  

 

Figure 14. CV curves of the Cu/C-modified electrode in 0.1 M KCl solution containing 0.8 mM 

of individual nitrogen species and their mixture: nitrate (blue line), nitrite (green line), ammonium 

(cyan line), and a mixture of NO₃⁻ with all interferents (red line).  

As shown, the blue line corresponding to 0.8 mM NO₃⁻ in 0.1 M KCl displays a 

well-defined cathodic peak at −0.86 V vs. Ag, which is the operational reduction 

potential for nitrate on this electrode. In contrast, the voltammograms for NO₂⁻ 

(green line), and NH₄⁺ (cyan line), at the same concentration, exhibit no 

significant cathodic peak at this potential, confirming the absence of 

electrochemical reduction processes for these species under the same conditions. 

This result directly demonstrates that the Cu/C-modified electrode is highly 

selective for nitrate, as the reduction current at −0.86 V is exclusively attributable 

to NO₃⁻, with negligible contributions from potential interferents. This is due to 

the electrocatalytic properties of the copper based micro-crystals formed on the 
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carbon substrate. Copper surfaces are known to facilitate the multi-electron 

reduction of nitrate via the adsorption and activation of NO₃⁻ intermediates, a 

process that is energetically and kinetically favoured on Cu compared to other 

nitrogenous species [25, 26]. Nitrite, although structurally similar, requires a 

different potential window for electrochemical transformation, typically at more 

positive potentials, and does not undergo reduction at −0.86 V. Ammonium, on 

the other hand, is electrochemically inert in this potential range and does not 

participate in redox processes on the Cu/C surface [3]. The absence of overlapping 

peaks or significant current responses for these interferents, even when present at 

the same concentration as nitrate, underscores the role of adsorption energetics 

and surface specificity in the observed selectivity [17]. An additional source of 

interference in the measurement could arise when tap water is used as the solvent, 

as is typical in real environmental conditions. To evaluate whether potential 

interferents present as impurities in tap water could affect sensor performance, 

two calibration curves were constructed: one using Milli-Q and the other using 

tap water as the solvent medium in the same NO₃⁻ concentration range (Figure 

15). The calibration points and linear fit obtained in Milli-Q water are represented 

as blue dots and dashed red line, respectively. In contrast, the calibration points 

obtained from tap water samples are shown as green squares. The first data point 

for tap water was validated through two independent measurements: one using 

the developed electrochemical sensor and the other via spectrophotometric 

analysis. Both methods yielded consistent results of 0.1 mM NO₃⁻, confirming 

that the sensor’s response is not influenced by impurities present in tap water. 

These findings demonstrate the robustness and selectivity of the device for nitrate 

detection in real water samples. 
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Figure 15. Calibration curves for NO3
- concentration added to MilliQ water (blue dots) and to tap 

water (green squares). 

 

8- Application in Ammonia Production 

The sensor was used in another study (N. Marino et al.) to perform quantitative 

measurements on an electrolytic solution for ammonia production in which 

nitrate, ammonium ions, and other reduced nitrogen species (such as NH2OH and 

N2H4) were present [27]. The device was calibrated in 0.01 M PBS solution (pH 

7) for a nitrate concentration ranging from 0.25 mM to 9 mM. The PBS 

concentration used is the same as that used for chronoamperometric ammonia 

production; thus, calibration and measurements are performed on the same 

solution. The corresponding calibration curve, exhibiting a linear dynamic range, 

is shown in Figure 16. 
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Figure 16. Calibration curves (blue dots and dashed red line) for NO3
- concentration in 0.01 M 

PBS electrolyte solution (pH 7) in a range from 0.25 mM to 9 mM. A linear trend is observed. 

Experimental points before and after ammonia production indicate an initial value of 6 mM and a 

final value of 4.6 mM (red stars). 

The experimental data collected before and after the chronoamperometric process 

indicated a decrease in nitrate concentration, from an initial value of 6 mM to 4.6 

mM (red stars in the figure), after ammonia production. The nitrite detection 

results matched the calibration curve obtained in PBS (R2 = 0.997), confirming 

the sensor’s accuracy even in complex matrices.  

 

1- Reproducibility and Repeatability tests of the Sensor 

The reproducibility and repeatability of the sensor measurements were evaluated. 

Reproducibility refers to the consistency of sensor responses when measurements 

are performed using different electrodes fabricated under the same conditions. 

Repeatability refers to the consistency of measurements obtained using the same 

electrode over multiple trials, reflecting the sensor’s stability and performance 
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over time. Both aspects are critical because reproducibility ensures that the sensor 

fabrication process is reliable, while repeatability indicates the sensor’s 

operational stability during use. Reproducibility was assessed by measuring seven 

different nitrate concentrations (0.05, 0.15, 0.5, 0.8, 1.5, 1.8, and 3.0 mM) using 

three independently prepared electrodes (Figure 12). Each concentration was 

measured in triplicate, and the RSDs calculated confirmed the high 

reproducibility of the sensor response. These results demonstrate the reliability 

and consistency of the electrode functionalization procedure.  

Concentration 

(mM) 

RDS (%) 

calculated on 3 

measurements 

0.05 0.15% 

0.15 0.39% 

0.5 0.00% 

0.8 4.89% 

1.5 0.02% 

1.8 2.83% 

3 0.00% 

Table 2. RSD values obtained for reproducibility measurements 

Repeatability was evaluated by performing ten consecutive measurements of a 

0.8 mM NO3⁻ solution using the same electrode. This concentration was chosen 

as it corresponds to the maximum limit set by the WHO and European directives 

for nitrate in drinking water. 
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Figure 14. Repeatability test for Cu/C sensor. The reduction peak current of NO3
- was acquired 

from the same sample by repeating the measurement three times. The percentage reported in the 

figure is the difference between successive measurements and the first one. 

The RSD was calculated by comparing the cathodic peak current of each 

measurement with that of the first one. The sensor maintained stable performance 

up to the tenth measurement, showing only a 5% decrease in peak current relative 

to the initial value, which indicates consistent performance over multiple uses 

(Figure 14). 

RSD 

% 

Tests in a 0.8 mM NO3⁻ solution 

1 2 3 4 5 6 7 8 9 10 

- 0.80% 1.37% 2.61% 3.18% 3.74% 4.15% 4.63% 5.10% 5.63% 

Table 3. RSD values obtained for repeatability measurements. 

This suggests that while the sensor can be reused, its operational life is limited to 

a certain number of repeated uses before performance degrades noticeably. 

Overall, the sensor demonstrated excellent reproducibility and good repeatability. 
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Although SPEs are generally designed for single-use applications, the sensor 

exhibited consistent performance over multiple measurement cycles, highlighting 

its potential for short-term reusability, a beneficial feature in contexts requiring 

repeated analyses without frequent electrode replacement. 

To ensure sensor preservation, the electrodes were stored at room temperature in 

a dry and dark environment when not in use. Prior to each measurement, 

electrodes were rinsed with deionized water to eliminate residual analyte and 

gently dried using an inert gas stream. No additional regeneration procedures were 

employed, which may partially explain the gradual signal decrease observed over 

successive measurements. 

 

2- Comparison with Literature and Discussion of Results 

The nitrate detection performance observed with our sensor appears promising in 

comparison with recent studies based on the development of SPE-based 

electrochemical sensors for NO3
- detection (Table 2) [1, 3, 28, 29]. The Cu micro-

flower modified SPCE developed in this work represents an advancement in the 

electrochemical detection of nitrate ions in aqueous environments, positioning it 

as a highly competitive platform compared to reported sensors. The sensor 

achieves a LoD of 0.87 μM, which is lower than that of many other SPE-based 

nitrate sensors, such as those employing gold electrodes modified with silver 

nanoparticles (LoD 7.7 μM) or unmodified graphite SPEs (LoD 5.0 μM) [29, 30]. 

Although the Cu nanocluster-modified Ag SPE achieves exceptional sensitivity 

with a sub-nanomolar LoD, its limited linear range restricts its applicability in 

scenarios where high nitrate concentrations are present [3]. Conversely, SWCNT-

modified Cu and Pd–Cu electrodes offer an extended linear range but suffer from 
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higher detection limits, making them more suitable for environmental monitoring 

at moderate nitrate levels [1].  

Electrode LoD Linear Range Application Reference 

SPE modified with 

Cu micro-flowers 

(This work) 

0.87 µM 0.05-3.0 mM 
Drinking water, 

tap water 
This work 

AuSPE/AgNPs (Ag 

nanoparticles on Au 

SPE) 

7.7 µM 0.1-1.5 mM 
Freshwater, tap 

water  
[28] 

Graphite SPE 5.0 µM 10–500 µM 

On-site detection 

in aqueous 

samples; 

Aquaponic pond 

[29]  

SPE modified with 

SWCNT-modified 

Cu and Pd-Cu 

52 µM 0.1–7.8 mM 
Environmental 

water analysis 
[1] 

AgSPE modified 

with Cu nanoclusters 
0.207 μM 50-500 μM Drinking water [3] 

Table 2. Comparison of this work with some of the literature electrochemical sensing platforms 

for nitrate detection. 

The Cu micro-flower modified carbon SPE developed here strikes a balance 

between sensitivity and dynamic range, combining a low LoD with a broad linear 

range. This makes the sensor attractive for routine water quality monitoring, 

where both trace and elevated nitrate levels may be encountered in diverse 

samples.  

An additional strength of this sensor lies in its simplicity and cost-effectiveness. 

The copper micro-flower structures are fabricated via cyclic voltammetric 

deposition directly onto commercial carbon SPEs, eliminating the need for 

complex synthesis protocols or expensive nanomaterials. This renders the 

approach scalable, reproducible, and ideal for on-site field deployment, aligning 

with current demands for decentralized, low-cost analytical technologies in 

environmental sensing. 

https://doi.org/10.3390/s23062961
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CONCLUSION 

The nitrate sensor (Cu/C) achieved a high sensitivity of 44.71 μA/μM, a 

remarkably low LoD of 0.87 µM, and a linear range of 0.05–3 mM, meeting and 

exceeding the stringent requirements set by WHO and EU regulations for drinking 

water quality. Key to the sensor’s performance is the flower-like structure of the 

crystallites, generated after 5 cycles of CV that favors a greater catalytic effect. 

The sensor showed insignificant interference from common water contaminants, 

independence from the electrochemical medium used (KCl and PBS were 

employed), high reproducibility (maximum RSD 4.89%), and good repeatability, 

although the progressive decrease in signal intensity upon repeated measurements 

indicates the need for further optimization of its operational stability.  
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CHAPTER 3 

NITRITE ION SENSING 

1- Introduction and State of the Arts 

Nitrites are intermediate nitrogen species in the nitrogen cycle. Although less 

stable than nitrates, they play a key role in environmental redox processes. Their 

presence in water often indicates disruptions in nitrification or denitrification 

processes and may also result from industrial discharges or untreated wastewater. 

Even at low concentrations, nitrites pose significant health concerns due to their 

ability to form carcinogenic nitrosamines and induce methemoglobinemia [1]. 

Accurate and selective detection of nitrites is therefore critical for water quality 

assessment. Several studies have demonstrated the potential of modified SPEs for 

nitrite detection, utilizing different electrode surface modifications. Adiraju et al. 

developed an electrochemical sensor based on carbon SPE modified with Au NPs 

for nitrite detection in groundwater, achieving a LoD of 0.38 μM [2]. The 

principle of operation is the electrochemical oxidation of NO2⁻ at pH 6.5 in PBS 

buffer during a square wave voltametric (SWV) scan. Rajab et al. developed an 

electrochemical sensor based on a SPE modified with zirconia nanoparticles and 

multi-walled carbon nanotubes (ZrO2@MWCNTs/SPE) for selective detection of 

nitrite in food and water samples. The SPE modification with the composite 

ZrO2@MWCNTs resulted in an enhanced peak current of nitrite compared to the 

bare electrode signal, thanks to the enhanced electron transfer rate. This is 

attributed to the combination of the tubular shape of MWCNTs and the 

crystallinity of ZrO2, providing abundant electron transport pathways and active 

sites, which improve nitrite absorption during the oxidation reaction. The main 

electrochemical reaction involved in the detection process is the oxidation of 

nitrite to nitrate ions. The device showed a LoD of 0.94 μM, with high sensitivity 

and selectivity [3]. 
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This chapter presents the development of an SPE-based electrochemical sensor 

for NO2
- detection in water. 

2- Materials and Methods  

The nitrite sensor was manufactured starting from a screen-printed electrode, 

comprising a silver reference electrode, a carbon counter electrode, and a carbon 

working electrode modified by electrodeposition of copper and manganese 

oxides. The carbon electrode, chosen for its electrochemical stability and 

conductivity, provides an ideal substrate for the deposition of copper and 

manganese, further improving the process efficiency [2,3]. The choice of 

combining CuO and MnO₂ for nitrite detection is motivated by their 

complementarity. While CuO in previous studies has proven to be effective for 

NO2
- detection [4-6], and in NO₃⁻ reduction [7,8], MnO₂ is widely recognized for 

its high activity towards nitrite oxidation. CuO and MnO₂ work together 

synergistically as efficient catalysts for the electrooxidation of nitrite to nitrate, 

thanks to their complementary redox properties [9]. The MnO₂/CuO synergy, 

combining Mn⁴⁺/Mn³⁺ redox mediation with CuO’s oxygen-vacancy-enabled 

adsorption, effectively discriminates against non-target species while stabilizing 

NO₂⁻ intermediates. Phosphate-buffered saline (PBS, pH 7) was selected as the 

supporting electrolyte to ensure a stable and well-controlled environment, which 

is essential for achieving consistent and reproducible electrochemical 

measurements. While PBS is widely used in biological and physiological 

applications, its neutral pH and effective buffering capacity also make it an 

appropriate medium for simulating natural water conditions, which typically 

exhibit near-neutral pH values. Moreover, the use of PBS in this study highlights 

the potential applicability of the nitrite sensor in the analysis of physiological 

fluids and treated water samples. Functionalization of the working electrode was 

carried out by cyclic voltammetry, and sensor performance was examined by 

linear sweep voltammetry. 
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3- Cu-Mn/C Electrode Fabrication 

Electrode preparation was performed via cyclic voltammetric electrodeposition 

of manganese and copper oxides, according to the schematic reported in Figure 1. 

MnO2 particles were deposited electrochemically on the mesoporous carbon WE 

surface (4-mm diameter) by CV in the potential range from 0.0 V to 1.2 V at a 

scan rate of 0.05 V s-1 by 5 consecutive scans using 0.1 M MnCl2 in 1 M KCl 

supporting electrolyte [10]. The electrodeposition of MnO₂ occurs via an anodic 

process, where Mn²⁺ ions are oxidized to Mn⁴⁺ under the application of anodic 

potentials. The overall reaction is:  

Mn²⁺ + 2H₂O → MnO₂ + 4H⁺ + 2e⁻  

Mn²⁺ ions adsorb onto the carbon surface. At moderate potentials, Mn²⁺ is 

oxidized to the intermediate Mn³⁺ and subsequently is further oxidized to Mn⁴⁺, 

thus precipitating as hydrated MnO₂. This process explains why the XPS analyses 

found traces of Mn2O3 oxides. 

 

Figure 1. Schematic representation of the Cu–Mn/C electrode functionalization process. 

Subsequently, Cu particles were electrodeposited via CV in the potential range 

from 1.0 V to 0.0 V at a scan rate of 0.05 V s-1 by 5 consecutive scans using 0.1 

M CuSO4∙5H2O in 1 M KCl supporting electrolyte [8]. The presence of MnO₂ on 
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the electrode surface promotes the formation of CuO rather than metallic Cu 

because, under anodic polarization, MnO₂ remains stable and may even 

participate in redox mediation.  

 

4- Morphological and compositional characterization of Cu-Mn/C 

electrode 

Scanning electron microscopy analysis investigated the carbon substrate surface 

(Figure 2a) and the electro-deposited manganese and copper species morphology 

(Figure 2b). The unmodified carbon electrode has a relatively homogeneous 

surface, featuring the typical microporous texture and shallow fissures associated 

with screen-printed carbon materials. In contrast, the CuO-MnO2 modified carbon 

electrode (thereafter Cu-Mn/C) presents a different surface morphology, 

characterized by a dense array of rod-like and needle-shaped nanocrystals 

(ranging from 100 to 500 nm in length) unevenly distributed across the carbon 

surface.  

 

 

Figure 2. SEM images of: (a) carbon bare electrode surface, (b) Cu-Mn/C modified electrode 

surface. 

Energy-Dispersive X-ray (EDX) spectroscopy (Figure 3) confirms the co-

deposition of copper and manganese, with quantitative analysis indicating a 
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higher copper content (45.20 wt%) than manganese (4.29 wt%). The substantial 

oxygen presence (29.39 wt%) suggests the formation of metal oxides rather than 

pure metals, while the residual chlorine content (9.19 wt%) likely results from the 

KCl electrolyte. Elemental mapping demonstrates the spatial distribution of 

copper, manganese, and carbon on the electrode surface. The Cu L map shows a 

highly uniform and dense coverage of copper containing species, suggesting 

homogeneous CuO distribution. The Mn K map reveals manganese well-

dispersed throughout the surface, though less densely than copper. Magenta spots 

indicate MnO₂ presence, confirming it is effectively deposited and accessible for 

electrocatalytic reactions. The C K map shows the exposed carbon substrate, 

confirming its contribution to electrical conductivity and mechanical support for 

the metal oxide layers. 
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Figure 3. EDX analysis and elemental mapping of the Cu-Mn/C electrode surface. 

 

The surface modification was further characterized using Raman and X-ray 

photoelectron spectroscopy (XPS). Raman analysis (Figure 4) showed distinct 

peaks in the 0-800 cm-1 region. A sharp band at 150 cm-1 was attributed to Mn-O-

Mn bridging vibrations in MnO2 [11,12]. Peaks at 200-250 cm-1 corresponded to 

overlapping modes of Mn₃O₄/Mn₂O₃ and CuO, while the broad band between 

500-700 cm-1 reflected Mn-O stretching in MnO₂ (570-650 cm-1) and CuO (615 

cm-1)[12-15].  
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Figure 4. Raman spectra of Cu-Mn/C electrode surface. 

 

XPS analysis supported Raman findings. The Cu 2p region exhibited a Cu 2p₃/₂ 

peak at 933 eV with its characteristic satellite at 940-945 eV, indicating the 

presence of CuO (Figure 5a) [16] The Mn 2p spectrum had a Mn 2p₃/₂ peak at 641 

eV, consistent with Mn(IV) in MnO₂, with small shoulders suggest traces of 

Mn(III) (Figure 5b) [16-18]. The survey scan (Figure 5c) identified C 1s (285 eV), 

O 1s (530 eV) peaks, confirming a heterogeneous layer composed of MnO₂ and 

CuO, with possible minor contributions from Mn₂O₃ and Cu(OH)₂. this 

bifunctional oxide coating, with mixed redox-active sites validated by vibrational 

and electronic structure analyses, is weel-suited for electrocatalytic applications. 

Following nitrite detection, XPS analysis revealed a notable decrease in Cu and 

Mn signal intensities, compared to the pristine electrode (Figure 5d). Initial 

spectra of Cu and Mn confirm the presence of CuO and MnO₂, respectively. After 

sensing, the marked reduction indicated a partial reduction, dissolution, or 

structural modification of the metal oxides. These changes demonstrate that CuO 

and MnO₂ actively engage in nitrite electrochemical detection through redox 

processes, functioning as catalytic sites in line with the known behavior of 

transition metal oxide-based sensors. 
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Figure 5. XPS analysis of the Cu–Mn/C electrode. (a) High-resolution Cu 2p spectrum; (b) High-

resolution Mn 2p spectrum; (c) XPS survey scan; (d) Comparison of Cu 2p (left) and Mn 2p (right) 

spectra before (red line) and after (black line) the electrochemical reaction. The main peaks in all 

figures are labelled. 

 

Although XPS and Raman spectroscopy confirmed the presence of CuO and MnO 

on the carbon electrode, X-ray diffraction analysis (XRD) did not detect these 

phases. This result indicates that the metal oxides are likely present in poorly 

crystalline or amorphous phases, lacking sufficient long-range order and/or being 

highly dispersed on the carbon surface. Therefore, the heterogeneous nature of 

the deposit, with crystallites of varying size and morphology, suggests the 

coexistence of multiple oxide phases in both crystalline and amorphous states. 
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5- Electrochemical characterization of Cu-Mn/C electrode 

Electrochemical characterization of both the bare screen-printed carbon electrode 

(SPCE) and the Cu-Mn/C modified electrode was conducted in a 0.01 M PBS 

electrolyte solution, in the absence and presence of nitrite (30 µM NO2
-) (Figure 

6a-b). The unmodified SPCE (black line) displayed a featureless voltammogram 

over the investigated potential window, confirming its electrochemical inactivity 

toward nitrite under the tested conditions.  

In contrast, the Cu-Mn/C modified electrode (red trace) exhibited distinct redox 

peaks: a cathodic peak (c1) at −0.3 V, likely corresponding to the reduction of 

copper oxides (CuO to Cu), and an anodic peak (a1) at +0.2 V, attributable to the 

re-oxidation of Cu to CuO [19,20]. The large peak-to-peak separation (ΔEp = 0.4 

V) suggests an irreversible redox process. An additional anodic peak (a2) at 0.0 V 

is assigned to the reduction of manganese oxides (MnO₂ to Mn²⁺), while the 

cathodic peak (c2) at −0.7 V reflects the reverse oxidation process [19-22]. 

 

Figure 6. Cyclic voltammograms in 0.01 M PBS of: (a) bare SPCE (black trace) and Cu-Mn/C 

modified electrode (red trace); (b) same electrodes plus Cu-Mn/C modified electrode in the 

presence of 30 µM NO2
- (blue trace). 
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In the presence of nitrite (blue trace, Figure 6b), a new anodic peak appears around 

+0.8 V (a3), corresponding to the electrochemical oxidation of nitrite to nitrate 

[22,23]. A cathodic peak at −0.4 V (c3) may be associated with the reduction of 

nitrate to nitrite or intermediate species. Furthermore, the voltammogram shows 

an enhanced and negatively shifted reduction peak (a4) associated with CuO and 

MnO₂, indicating that these oxides act as efficient electrocatalysts for nitrite 

oxidation. The observed negative shift and increased signal intensity suggest that 

the CuO and MnO₂ species on the electrode surface synergistically facilitate 

nitrite oxidation by lowering the activation energy barrier for its conversion to 

nitrate. 

 

6- Electrochemical reaction at the Cu-Mn/C modified electrode 

To further investigate the electrochemical oxidation mechanism of NO₂⁻ at the 

Cu–Mn/C electrode, cyclic voltammetry was performed as a function of the scan 

rate (ranging from 50 to 350 mV/s). A linear relationship was observed between 

the anodic peak current (Ip) and the square root of the scan rate (ν¹ᐟ²), indicating 

a diffusion-controlled process (Figure 7).  

 

Figure 7. (a) NO2
− oxidation peak potential as a function of the scan rate. (b) Anodic peak current 

as a function of the square root of the scan rate; red dashed line is the data linear fit. 
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This behavior aligs with the Randles–Ševčík equation for irreversible systems 

[24]: 

𝑖𝑝 = (2.99 × 105) ∗ n[α𝑛𝑎

1

2] 𝐴𝐷0

1

2 Cν
1

2      (1)  

where ip is the peak current, α is the transfer coefficient, nₐ is the number of 

electrons in the rate-determining step (2 for NO2
–), A is the active surface area 

(cm2), Do is the diffusion coefficient (1.9 × 10–5 cm2 s–1 at 25 °C), v is the scan 

rate (V/s), and C is the analyte concentration (mol cm–3) [3]. 

The significant peak separation (Figure 6b) and the positive shift of the peak 

potential with increasing scan rates confirm that NO₂⁻ oxidation at the Cu–Mn/C 

electrode is governed by an irreversible electron transfer process.  

 

7- Electrochemical Sensor Performance for Nitrite Ion Detection in 

water and interferences tests 

To evaluate its sensing performance, the Cu-Mn/C electrode was tested using 

linear sweep voltammetry in a 0.01 M PBS solution at pH 7 with varying NO2⁻ 

concentrations (0.2 – 60 µM). The anodic peak current at +0.8 V was used for 

quantification. Each data point represents the mean of three replicates, with error 

bars indicating the standard deviation (Figure 8). Relative standard deviation 

ranged from 0.04% to 6.48% indicating good reproducibility and robust electrode 

fabrication.  

The sensor exhibited a linear response across the tested concentration range, with 

a sensitivity of 10.83 μA/µM and an R² value of 99.87%, with excellent linearity. 

The limit of detection, calculated using a signal-to-noise ratio of 3, was 0.071 µM 

(71 nM). 
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Figure 8. Calibration curve of the Cu-Mn/C electrode for NO2
- detection. Each point represents 

the average current at +0.8 V from three replicates. Error bars show SD. 

 

Preliminary experiments were also performed using electrodes modified only 

with MnO2 (Figure 9).  

 

Figure 9. Calibration curve for MnO2 modified (Mn/C) electrode with increasing nitrite 

concentration (0.2 - 60 µM). 
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The corresponding calibration curve, acquired in the same range above reported, revealed 

inferior performance, with an R2 of 0.9892 and a higher LoD of 0.097 µM, confirming 

the enhanced sensitivity provided by the Cu incorporation. This observation further 

motivated the incorporation of Cu onto the Mn/C-based electrode to enhance the 

performance of MnO₂ alone. Indeed, after this modification, excellent linearity in 

the detection response was achieved, which enabled a significant reduction in the 

detectable concentration range of the nitrite ions. 

 

The selectivity of the Cu-Mn/C-modified electrode was evaluated in the presence 

of common nitrogen-containing interferents, including nitrate and ammonium. 

Cyclic voltammetry was performed in 0.01 M PBS solution containing 30 µM of 

each species, both individually and as a mixture. The results, presented in Figure 

10, provide strong evidence for the selectivity of the Cu/C-modified electrode 

toward nitrite in the presence of typical interferents.  

 

 

Figure 10. CV of the Cu-Mn/C-modified electrode in 0.01 M PBS solution containing 30 µM of 

nitrite (green line), nitrate (blue line), ammonium (green line), and their mixture (red line). 

 



68 

Only NO2⁻ produced a well-defined anodic peak at +0.8 V vs. Ag (red line), which 

is the operational oxidation potential for nitrite on this electrode. Neither NO3⁻ 

(blue line), nor NH₄⁺ (green line), displayed any signal at this potential, 

confirming the selectivity of the electrode under the same conditions. This result 

demonstrates that the Cu-Mn/C modified electrode is highly selective for nitrite. 

Nitrate, although structurally similar, typically undergoes redox transformation at 

more negative potentials, while ammonium is electrochemically inert in this 

potential window. Thus, the reduction current at +0.8 V is exclusively attributable 

to NO2⁻, with negligible contributions from potential interferents.  

 

8. Application in Ammonia Production  

The sensor was also employed in a study by N. Marino et. al. [25] to quantitatively 

monitor nitrite in a complex electrolyte used for ammonia production, which 

contained nitrate, ammonium, hydroxylamine (NH₂OH), and hydrazine (N₂H₄). 

The sensor was calibrated in 0.01 M PBS solution (pH 7), the same used for 

chronoamperometric ammonia production, over a concentration range of 0.05 – 6 

mM. The calibration curve, exhibiting a linear dynamic range, is shown in Figure 

11. Experimental data showed an increase in nitrite concentration from 0 to 0.8 

mM (red star in the figure) following the electrochemical ammonia production 

experiment. This value aligns with the calibration curve (R2 = 0.993), confirming 

the accuracy and applicability of the sensor in complex matrices.  
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Figure 11. Calibration curves (blue dots and dashed red line) for NO2
- in 0.01 M PBS solution (pH 

7) from 0.05 mM to 6 mM. The red star indicates the nitrite concentration (0.8 mM) measured 

after ammonia production. 

 

9. Reproducibility and Repeatability Tests of the Sensor 

The reproducibility and repeatability of the sensor were evaluated. 

Reproducibility refers to the consistency of sensor responses when measurements 

are performed using independently fabricated electrodes under the same 

conditions.  

Repeatability refers to the consistency of measurements obtained with the same 

electrode over multiple trials, reflecting the sensor’s short-term stability and 

operational performance. Both aspects are critical: reproducibility ensures that the 

fabrication process is reliable, while repeatability indicates the electrode’s 

stability during practical use. 
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Reproducibility was assessed by measuring a series of nitrite concentrations (0.2, 

0.5, 1, 2, 5, 10, 20, 30, 40, 50, and 60 µM) using three independently prepared 

electrodes (Figure 8). Each concentration was tested in triplicate, and the 

calculated RSD values, shown in Table 1, confirm the high reproducibility of the 

sensor response. These results demonstrate the robustness and reliability of the 

electrode functionalization procedure. 

 

Concentration 

(µM) 

RDS 

% 

0.2 6.48% 

0.5 3.74% 

1 4.77% 

2 1.49% 

5 2.91% 

10 0.43% 

20 1.39% 

30 0.78% 

40 0.13% 

50 0.52% 

60 0.04% 

Table 1. RSD values obtained for reproducibility measurements 

Repeatability was evaluated by performing five consecutive measurements of a 

30 µM NO₂⁻ solution using the same electrode. The sensor maintained stable 

performance up to the third measurement, after which a gradual decline was 

observed, with a 6.5% decrease in the anodic peak current compared to the first 

scan (Figure 12).  
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Figure 12. Repeatability test for Cu-Mn/C sensor. The oxidation peak current of the NO2- was 

recorded from the same sample over three consecutive measurements. Percentages represent the 

relative deviation of each measurement from the first. 

 

These findings suggest a partial loss of electrochemical activity upon repeated 

use. However, considering that SPEs are typically designed as disposable devices, 

the ability of the electrode to maintain stable performance over multiple uses 

indicates promising short-term reusability, which may be advantageous for 

applications requiring several consecutive analyses without electrode 

replacement. To preserve sensor integrity, electrodes were stored in a dry, dark 

environment at room temperature when not in use. Between measurements, they 

were rinsed with deionized water to remove residual analyte and gently dried with 

inert gas. No regeneration treatments were applied, which may have contributed 

to the observed signal attenuation during repeated measurements. 

 

 

 



72 

10. Comparison with Literature and Discussion of Results 

The nitrite detection performance of the developed sensor was compared with 

recent SPE-based electrochemical sensors reported in literature (Table 1) [2, 3, 

25, 26]. 

Table 2. Comparison of this work with selected electrochemical sensing platforms for nitrite 

detection. 

Electrode LoD Linear Range Application Reference 

SPE modified with 

CuO and MnO2 

(This work) 

71 nM 0.2–60 µM Drinking water This work 

SPCE modified 

with Cu-BDC 

frameworks and 

Fe2O3 NPs 

74 nM 1–2000 µM Mineral water [26] 

AuNP-modified 

SPCE 
0.38 µM 5.0–100 µM 

On-site detection 

in aqueous 

samples 

[2]  

SPE modified with 

ZrO2@MWCNTs 
0.94 µM 5.0–100 µM 

Food and water 

samples 
[3] 

Polydopamine/Au

NPs-modified 

SPCE 

1.98 μM 10 to 500 μM 
Processed meat 

samples in water 
[27] 

The CuO-MnO2
- modified electrode developed in this work achieved an LoD of 

71 nM, outperforming most previously reported sensors. Although a similar LoD 

of 74 nM was obtained wih a Cu-BDC/Fe2O3-modified SPCE [26], our sensor 

provides a more suitable linear detection range (0.2–60 µM) for monitoring nitrite 

levels in drinking water, where regulatory limits typically fall within the low 

micromolar range. By contrast, other sensors exhibit higher LoDs (0.38–1.98 µM) 

https://doi.org/10.3390/s23062961
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and narrower linear ranges (5–10 µM), limiting their suitability for trace analysis 

[2,3,27]. Moreover, the use of inexpensive and non-toxic CuO and MnO2 

nanomaterials enhances the sutainability and practicality of the electrode 

modification strategy. These results confirm that the proposed sensor offers a 

highly sensitive, selective, and environmentally sustainable approach for nitrite 

detection in drinking water. 

 

CONCLUSION 

The nitrite sensor (Cu-Mn/C), incorporating a CuO-MnO2 composite, 

demonstrated a high sensitivity of 10.83 μA/μM, an ultralow LoD of 71 nM, and 

a wide linear range of 0.2–60 μM, thus meeting and surpassing the stringent 

requirements set by WHO and EU regulations for drinking water quality. The 

excellent analytical performance is attributed to the synergistic electrocatalytic 

activity of the CuO and MnO₂ nanostructures.  

The sensor exhibited negligible interference from common water contaminants, 

excellent reproducibility, and acceptable repeatability for multiple measurements. 

Although a gradual decline in signal intensity was observed after repeated use, 

the sensor showed high reproducibility (maximum RSD 2.91%) and moderate 

repeatability. Further optimization of electrode stability could enhance its 

operational lifetime. Overall, the Cu–Mn/C sensor represents a sensitive, 

selective, and practical tool for reliable nitrite detection in environmental 

monitoring applications. 
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CHAPTER 4 

AMMONIUM ION SENSING 

1- Introduction and State of the Art 

Ammonium ions represent the reduced form of nitrogen and primarily originate 

from the decomposition of nitrogen-containing organic matter or the application 

of fertilizers. In aqueous environments, ammonium exists in equilibrium with free 

ammonia (NH₃), a toxic compound to aquatic organisms [1]. Moreover, the 

presence of ammonium in water often indicates of recent contamination from 

fecal or organic waste sources. Among the various approaches for the ammonium 

ion quantification, electrochemical detection via SPEs offers the advantages of 

real-time monitoring, low cost, high sensitivity, and selectivity. Korent et al. 

reported an ammonia sensor for biological fluids based on polyaniline (PANi) as 

the conducting polymer, combined with commercially available drop-cast gold 

nanoparticles. The device operated at neutral pH in phosphate-buffered saline, 

achieving a limit of detection of 1.44 μM, with a broad dynamic range of 51 μM 

– 510 mM. The synergy between the conductive polymer and gold nanoparticles 

enhanced electron transfer kinetics, providing a high density of active sites for 

ammonia adsorption and oxidation, ensuring reliable operation in protein-rich 

biological samples [2]. Zhybak et al. developed an electrocatalytic composite 

sensor based on PANi/Nafion/Cu₂O-modified SPE for ammonium ion detection 

in human serum. The sensor achieved a LoD of 0.50 μM and a linear range of 1 – 

1000 μM when operated by amperometry at −0.45 V vs. Ag/AgCl. The inclusion 

of Nafion imparted selective ion-exchange properties, while Cu₂O nanoparticles 

further enhanced the electrocatalytic reduction of ammonium, improving both 

selectivity and sensitivity in the presence of interfering species commonly found 

in serum [3]. Wang et al. introduced an electrochemical enzyme biosensor for 

ammonium ions in aquaculture water, employing a SPCE modified with gold 
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nanoparticles and polymethylene blue. This configuration exploited the redox 

mediation properties of polymethylene blue together with the high surface area of 

AuNPs to facilitate efficient electron transfer and enzyme immobilization. The 

sensor achieved a LoD of 0.65 μM and a linear detection range of 0 – 300 μM, 

making it suitable for monitoring ammonium levels in aquatic environments [4]. 

This chapter presents the development of two SPEs-based electrochemical 

sensors for ammonium ions detection in water, using electropolymerized and 

commercial PANi combined with electrodeposited Au NPs. 

 

2- Materials and Methods  

Two amperometric sensors were fabricated for the detection of ammonium ions 

in water by using two commercial SPEs. Specifically: 

- One SPE featured a carbon screen-printed working electrode 

- One SPE incorporated a polyaniline/carbon (PANI/C) screen-printed 

working electrode.  

Both sensors have a counter electrode of carbon ink, and a silver ink reference 

electrode.  

The carbon substrate was selected for its excellent conductivity and compatibility 

with electrochemical modifications. Polyaniline (PANI) is a p-type 

semiconductor, where most charge carriers are holes. The ππ and ππ∗ orbitals 

serve the role of valence and conduction bands, respectively. The energy 

difference between ππ and ππ∗ corresponds to the polymer’s band gap [5-7]. 

Figure 1 depicts the structural formulas and redox states of PANI. At the top, the 

general polymer backbone is shown, with varying ratios of reduced and oxidized 

units. The subsequent structures represent the principal redox forms of PANI: the 

blue pernigraniline base and its salt, the violet emeraldine base and the green 
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emeraldine salt, and finally the colorless leucoemeraldine. These forms are 

interconverted by processes of protonation (addition or removal of acid, HA) and 

electron transfer (oxidation or reduction), as indicated in the figure. Among these, 

the emeraldine salt, which is typically green, is recognized as the most conductive 

form and is therefore widely utilized in electrochemical sensing applications due 

to its favorable combination of conductivity and stability. 

 

Figure 1. Redox states of polyaniline. 

The PANI and Au NPs combination was chosen for their synergistic properties: 

PANI, a proton-conducting polymer, provides selective interaction with NH₄⁺ 

ions through redox-mediated deprotonation; while Au NPs enhance electron 

transfer, catalytic activity, and electrochemical stability [8-10].  

Two strategies were employed for their fabrication: 

- The Au/PANI/C working electrode was fabricated by electrodeposition of 

Au NPs with cyclic voltammetry onto a commercial PANI/C electrode 
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- the Au/PANIep/C working electrode was fabricated by electrodeposition 

of Au NPs onto a CV-electropolymerized PANI electrode.  

The electrochemical performance of both sensors was investigated by 

chronoamperometry (CA). 

 

3- Fabrication of Au/PANI/C and Au/PANIep/C Electrodes  

Figure 2 summarizes the functionalization process of the two different electrodes. 

Electropolymerization of PANI on the C working electrode (WE, 4 mm diameter) 

was performed using 0.1 M aniline monomer in a 1 M HCl solution. Traditionally, 

hydrochloric acid (HCl) with sulfuric acid (H2SO4), or chloric acid (HClO3) is 

used as a dopant in the synthesis of conductive PANI. In acid doping, the 

interaction of polymeraldine with HCl induces protonation at imine sites, yelding 

polymeraldine salt. Low temperatures and high dopant concentrations favor a 

faster polymerization process and the production of a thicker polymer film. 

Therefore, electropolymerization of aniline was carried out at room temperature 

in a relatively low HCl concentration (1 M).  

Electrodeposition was performed on the WE by CV using 15 scan cycles over a 

potential range of −0.3 V to 1.0 V, with a scan rate of 0.05 Vs−1 [2].  

Gold electrodeposition on both the electroplymerized PANI (PANIep/C) and the 

commercial PANI/C working electrodes (4 mm diameter) was performed in 0.1 

M HAuCl4 dissolved in 1 M HCl solution. The process was carried out by CV 

with 5 scan cycles over a potential ranging from 0.0 V to 1.0 V, at a scan rate of 

0.05 Vs−1 [11].  
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Figure 2. Scheme of the functionalization process of the two different electrodes: Au 

electrodeposited on PANIep/C (Au/PANIep/C) and Au electrodeposited on commercial PANI/C 

(Au/PANI/C). 

 

4- Morphological and compositional characterization of Au/PANI/C 

and Au/PANIep/C Electrodes  

SEM analysis was performed to investigate the morphological differences 

between the two developed electrodes.  

Figure 3a shows the surface of the bare C WE, characterized by a flake-like 

structure typical of the screen-printing process. After CV electropolymerization, 

the surface of the PANIep/C WE (Figure 3b) exhibited nanogranular nucleation 

of PANIep, which grew into nanofibers. These nanofibers did not fully cover the 

carbon substrate but formed discrete islands, likely due to the irregular 

morphology of the screen-printed carbon surface. 
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Figure 3. SEM images of (a) carbon bare SPE; (b) electrodeposited PANI on carbon SPE; (c) Au 

electrodeposited on PANIep/C; (d) magnification of Au NPs on PANIep/C. 

 

The Au/PANIep/C electrode (Figure 3c) displayed a granular morphology 

composed of particles of different sizes (30–60 nm, Figure 3d) and surface 

textures. Morphologically, Au NPs did not disrupt the nanogranular and 

nanofibrous PANIep structure, but were uniformly distributed across the WE 

surface, providing complete coverage of the exposed carbon regions.  

 

The commercial PANI/C WE (Figure 4a) exhibited a uniform and porous 

polyaniline film on the carbon substrate. This conductive PANI film provided an 

increased surface area, enabling effective electrodeposition of Au NPs. SEM 

images in Figure 4b revealed a dense and homogeneous layed of Au NPs with 

smaller particle sizes (20–30 nm, Figure 4c) compared to those formed on the 

PANIep/C electrode.  
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Figure 4. SEM images of (a) PANI/C bare SPE; (b) Au electrodeposited on commercial PANI/C 

SPE; (c) magnification of Au NPs on PANI/C. 

 

Nanoparticles of different sizes exhibit distinct surface-to-volume ratios, 

significantly influencing their chemical reactivity. in general, smaller Au NPs 

provide a larger surface area per unit mass compared to larger ones, resulting in 

enhanced catalytic activity. The size distribution of electrodeposited Au 

nanoparticles is influenced by the nature of the underlying substrate. The 

microgranular PANIep offers heterogeneous anchoring sites, leading to variable 

NP size and orientation. On the other end, the continuous PANI film of 

commercial electrodes provides a more homogeneous and continuous matrix, 

favoring uniform NPP dispersion. Consequently, exposed carbon regions on 

PANIep/C promoted the nulcleation of larger gold nanoparticles compared to 

commercial PANI/C film.  
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Figure 5. EDS analysis of AuNPs: grey spectrum acquired on Au nanoparticles; red spectrum 

acquired from a surface region without visible AuNPs. 

 

Energy-dispersive X-ray spectroscopy (EDS, Figure 5) confirmed the formation 

of AuNPs on both electrode types. The overall Au content was about 5% across 

the PANI.modified surfces, with local peaks up to 19% where AuNPs were clearly 

visible in the SEM images. 

5- Electrochemical characterization of Au/PANI/C and Au/PANIep/C 

Electrodes  

The voltammograms shown in Figure 6 display the characteristic oxidation peaks 

of PANI (a1 = 0.24 V and a2 = 0.81 V vs Ag) and the corresponding reduction 

peaks (c1 = 0.52 V, c2 = 0.30 V, and c3 = −0.1 V vs Ag). During the initial cycles 
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of electropolymerization, an additional PANI oxidation peak appears at 0.97 V vs 

Ag, which is later overlapped by the emeraldine oxidation peak (a2 = 0.81 V vs 

Ag) [12] as the number of deposition cycles increases. Specifically, peak a1 

corresponds to the oxidation of leucoemeraldine to emeraldine, while peak a2 

indicates the oxidation of emeraldine to pernigraniline. Peaks c1 and c2 are 

associated with the reduction of pernigraniline to emeraldine, and peak c3 

corresponds to the reduction of emeraldine to leucoemeraldine [13-16]. In acidic 

media, polyaniline initially exists in its fully reduced form (leucoemeraldine) and 

undergoes two distinct redox transitions: first to the half-oxidized form 

(emeraldine), and then to the fully oxidized form (pernigraniline). The oxidation 

peaks (a1, a2) and reduction peaks (c1, c2) together definetwo redox couples: a1/c2 

corresponds to leucoemeraldine ↔ emeraldine transition, and a2/c1 to emeraldine 

↔ pernigraniline transition. The final product of electrochemical polymerization 

via cyclic voltammetry in HCl is HCl-doped PANI obtained in the form of the 

green emeraldine salt [13-15]. 

 

Figure 6. Cyclic voltammograms of polyaniline electropolymerization in 1 M HCl, potential 

ranging from −0.3 to 1.0 V, scan rate of 50 mV s−1. 
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HCl concentration plays a crititcal role in determining the morphology of 

electropolymerized PANI. Proton doping with HCl promotes the delocalization 

of diiminoquinone–diaminobenzene states within the polymer, stabilizing 

emeraldine salt form of PANI. In its undoped state (emeraldine base), polyaniline 

is electrically neutral and poorly conductive; upon acid doping, however, it 

becomes highly conductive due to proton induced charge delocalization [13].  

 

Figure 7. Cyclic voltammograms in 1 M HCl to a potential ranging from −0.3V to 1.0 V with a 

scan rate of 50 mV s−1: (a) Au/PANI/C; (b) Au/PANIep/C. 

 

The cyclic voltammograms in Figure 7 illustrate the characteristic redox behavior 

of polyaniline in both Au/PANI/C and Au/PANIep/C electrodes, exhibiting 

distinct electrochemical signatures attributed to polymer transitions and gold 

nanoparticle interactions. In the Au/PANI/C electrode (panel a), cathodic peaks 

appear at slightly more negative potentials, consistent with the typical 

overpotential associated with PANI redox transitions. In contrast, the 

Au/PANIep/C electrode (panel b) exhibits similar redox features but with broader 

and more intense current responses, reflecting the porous, fibrillar morphology of 

electropolymerized PANI. This structure enhances mass transport, provides a 

larger electroactive surface area, and promotes stronger interactions with Au NPs.  

In both systems, the incorporation of Au NPs facilitates redox transitions by 

enhancing electronic conductivity and reducing charge transfer resistance. This 
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effect is particularly pronounced in the Au/PANIep/C electrode, where Au NPs 

are more uniformly distributed within the electropolymerized matrix. Differences 

in peak potentials and current magnitudes underscore the critical role of polymer 

morphology and Au NP distribution in defining the electrochemical performance 

of these hybrid materials for sensing applications. The ammonium ion,with its 

tetrahedral structure centered on a nitrogen atom bonded to four hydrogens, 

carries a positive charge and is capable of forming hydrogen bonds with 

protonated amine groups, favoring strong interaction with doped PANI.NH₄⁺ ions 

form hydrogen bonds with the protonated amine (-NH₂⁺) sites of doped PANI, 

creating a cross-linked network through hydrogen bridges connecting the ion and 

polymer chains. Additionally, the positive charge of NH₄⁺ electrostatically 

interacts with -NH₂⁺Cl⁻ groups, providing further stabilization. This specificity 

toward ammonium arises mainly from the stronger and more stable hydrogen 

bonds compared to other cations like Na⁺, K⁺, or Ca²⁺, as well as from the steric 

and dimensional compatibility of NH₄⁺’s tetrahedral geometry with the protonated 

amine sites. Moreover, the synergy between PANI and AuNPs enhances this 

interaction, as protonated PANI combined with the nanostructured gold surface 

forms a system capable of preferentially capturing ammonium ions over other 

cations. Binding of NH₄⁺ to doped PANI induces a change in charge density along 

the polymer chain, altering its conductivity. This interaction causes an 

electrochemically detectable change in the electrical resistance of the polymer 

matrix. 

 

6- Electrochemical Sensors Performance for Ammonium Ion Detection 

and Interferences Tests 

Since PANI undergoes redox and protonation reactions during potential scans CA 

was employed as the detection method. In amperometry, the current generated at 
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a fixed potential is recorded and correlated with the analyte concentration. To 

determine the optimal oxidation or reduction potential of the analyte, preliminary 

cyclic voltammetry must be performed [16-18].  

The electrochemical study focused on the first oxidation peak (a1) corresponding 

to the leucoemeraldine ↔ emeraldine transition), since the pernigraniline form is 

unstable due to the quinoid-imine structure [13,14]. Thus, the active form of PANI 

for NH4
+ detection is the emeraldine salt (protonated half-oxidized form), 

obtained after CV polymerization in HCl. The operating potentials selected were 

0.25 V for Au/PANI/C and 0.35 V for Au/PANIep/C, as determined from their 

cyclic voltammograms (Figure 7). The redox couple a1/c2 represents a diffusion-

controlled process, and NH4
+ ions are known to form strong hydrogen bonds with 

polyaniline, occupying available protonation sites [19,20]. The resulting 

PANI·NH4
+ complex induces an immediate increase in oxidation current.  

Upon applying the potential, NH4
+ undergoes oxidation, supplying electrons and 

protons that simultaneously reduce emeraldine base back to a protonated, 

conductive form, while oxidation continue under the applied bias [13]. After the 

depletion of NH4
+ and deprotonation of PANI, the current decays to its baseline 

value and stabilizes, producing a transient amperometric signal. The presence of 

Au NPs further enhances detection by improving charge transfer and increasing 

the conductivity of PANI [21]. Owing to its p-type conduction, PANI forms 

efficient ohmic contacts with Au (work function 5.2 eV), facilitating rapid charge 

exchange at the polymer–metal interface. The polymer–metal contact is defined 

by both the metal’s Fermi level lowest unoccupied molecular orbital positions 

[22–24].  

The electrochemical performance of the two sensors, Au/PANI/C and 

Au/PANIep/C, for the detection of NH₄⁺ in aqueous solution was evaluated. 

Amperometric calibration curves (Figure 8 a,b) were obtained in 1 M HCl 

(ensuring NH₄⁺ prevalence over NH₃, with a pKa of 9.2 at 25 °C) for 

concentrations ranging from 0.35 µM to 7 µM. Both electrodes responded to 
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increasing NH₄⁺ concentrations, though with different behaviors. The 

Au/PANIep/C electrode (green triangles) exhibited a smooth, linear, and high 

reproducible response even at submicromolar concentrations, reflecting efficient 

charge transfer and homogeneous nanoparticle distribution, with a high number 

of active sites. In contrast, the Au/PANI/C electrode (blue squares) displayed a 

lower sensitivity at low concentrations (<2 µM), with greater variability, and only 

showed a marked increase above 2 µM, suggesting that the PANI film may either 

limit the NH₄⁺ access to the active sites or slow down ion diffusion. 

 

Figure 8. Calibration curves for NH4
+ detection: (a) Au/PANIep/C (green triangles): (b) 

Au/PANI/C (blue squares) electrodes. Calibration range: 0.35 -7 µM. 

 

The data reveal distinct behaviors for the two electrodes.  

At higher concentrations (2–7 µM), Au/PANI/C exhibited higher sensitivity (1.09 

mA/µM) compared to its performance at low levels (0.03 mA/µM). Conversely, 

Au/PANIep/C demonstrated higher sensitivity in the low concentration range 

(0.34 mA/µM), but saturation effects limited its response at higher levels (0.18 

mA/µM) (Figure 9a–b). The calibration curves were split, as previously reported 

in the literature [13,25,26].  
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Figure 9. Calibration curves for NH4
+ detection with Au/PANIep/C (green triangles) and 

Au/PANI/C (blue squares) electrodes: (a) low concentration range (0.35 -1.5 µM); (b) high 

concentration range (2-7 µM). 

 

This behavior can be explained by the electrode morphology. The commercial 

PANI-coated carbon electrode performs poorly at low concentrations because 

undoped PANI restrict NH4
+ diffusion to the active sites, while at higher 

concentrations diffusion limitations are overcome. By contrast, the nanogranular 

structure of electropolymerized PANI allows greater accessibility of NH4
+ to 

protonation sites at low concentrations but saturates rapidly when these sites 

become fully occupied at higher levels. 

In summary, the polyaniline distribution on the carbon electrode significantly 

affects the sensor sensitivity and dynamic range. 
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Finally, interference tests demonstrated that the developed electrodes are selective 

for ammonium ions over nitrate and nitrite. Reduction of for nitrate and nitrite 

requires much more negative potentials than those applied for ammonium 

detection. At the potentials optimized for NH₄⁺ sensing (0.25 V and 0.35 V), and 

therefore these interferents remain electrochemically inactive under operating 

conditions (potentials below their activation barriers). The absence of significant 

faradaic processes for NO₃⁻ and NO₂⁻ under these conditions ensures that the 

sensor’s response is specific to ammonium ions, minimizing the risk of false 

positives or analytical interference. Additionally, the selectivity of PANI arises 

from its chemical structure and properties. In its emeraldine salt form, PANI is a 

conductive polymer matrix that supports fast electron transfer for certain analytes, 

such as ammonium ions, but does not promote the adsorption or activation of 

more oxidized nitrate/nitrite species. The presence of Au NPs further enhances 

NH₄⁺ detection by offering abundant active sites and facilitating charge transfer, 

but does not lower the activation barrier for NO₃⁻ or NO₂⁻ reduction at the applied 

potentials, ensuring high specificity of the sensor.  

 

7- Reproducibility and Repeatability Tests of the Sensors 

The reproducibility and repeatability of the sensors were evaluated. 

Reproducibility refers to the consistency of sensor responses when measurements 

are performed using independently fabricated electrodes under the same 

conditions. Repeatability refers to the consistency of measurements obtained with 

the same electrode over multiple trials, reflecting the sensor’s stability and 

performance over time. Both parameters are critical: reproducibility ensures that 

the fabrication process is reliable, while repeatability indicates the sensor’s 

operational stability during use.  
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Reproducibility was assessed by measuring a series of ammonium ion 

concentrations using three independently prepared electrodes (Figure 9). Each 

concentration was measured in triplicate. The calculated RSDs values for both 

electrodes as shown in table 3. Overall, the electrodes exhibits good 

reproducibility, with a maximum relative standard deviation of 5.94% for 

Au/PANIep/C and 3.68% for Au/PANI/C. These results demonstrate the 

reliability and consistency of the electrode functionalization procedure.  

Concentration 

(µM) 

Au/PANIep/C 

RDS % 

Au/PANI/C 

RDS % 

0.35 0.00% 0.00% 

0.4 2.43% 1.67% 

0.5 5.94% 1.88% 

0.55 0.28% 3.50% 

0.6 2.70% 0.00% 

0.7 5.48% 2.01% 

1 0.00% 3.68% 

1.4 3.84% 0.88% 

2 0.00% 0.00% 

2.8 0.36% 0.00% 

3.5 0.15% 3.57% 

4.1 0.26% 0.00% 

4.8 0.54% 3.51% 

5.5 0.21% 0.00% 

6.2 0.00% 0.00% 

7 0.00% 2.37% 

Table 1. RSD values obtained for reproducibility measurements 
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Repeatability tests were carried out using the same Au/PANI/C and Au/PANIel/C 

electrodes for six consecutive measurements with the same NH4
+ solution. A 

concentration of 2 µM, above the sensitivity transition threshold of both 

electrodes, was selected (Figure 10). After each measurement, the electrodes were 

rinsed with distilled water and dried in an inert gas. The standard deviation was 

calculated by comparing the subsequent current peak values with the first 

measurement. The results are summarized in Table 3. 

 

Figure 10. Repeatability test for Au/PANIep/C electrode (green bars), and Au/PANI/C electrode 

(blue bars) at 2 µM NH4
+ concentration. The oxidation peak current of NH4

+ was acquired from 

the same sample over six repeated measurements. 

 

These results confirm the high operational repeatability of the sensors and the 

electrochemical stability of the PANI-based materials under continuous 

measurement cycles. The low RSD values across repeated measurements indicate 

minimal drift and excellent stability of the current response, even after the 
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electrode cleaning and re-immersion in the analyte solution. Moreover, the 

consistent signal recovery after each wash step highlights the structural robustness 

and chemical resilience of the PANIep-modified electrode. The absence of 

significant signal degradation suggests that the active polymer layer retains its 

electrochemical activity and structural integrity after repeated use. 

 

 
Tests in a 2 µM NH4

+ solution 

1 2 3 4 5 6 

Au/PANIep/C 

RSD % 

- 3.01% 4.47% 1.51% 4.51% 1.49% 

Au/PANI/C 

RSD % 

- 4.00% 1.97% 5.74% 2.00% 4.03% 

Table 3. RSD values obtained for repeatability measurements. 

8- Comparison with Literature and Discussion of Results 

The performance of the developed sensors for ammonium ion detection appears 

promising when compared with recent SPE-based electrochemical sensors 

reported in literature (Table 1) [2-4]. The enhanced performance of the developed 

sensor is attributed to the synergistic interaction between polyaniline and gold 

nanoparticles, which facilitates efficient electron transfer and increases the 

density of electroactive sites for ammonium ion adsorption. This synergy 

contributes to a low background current and ultra-trace-level detection capability. 

Importantly, unlike other sensing platforms that incorporate enzymes, surfactants, 

or complex composites, the Au/PANIep/C sensor relies solely on inorganic 

nanoparticles and a conductive polymer. Both are chemically stable and can be 

easily fabricated via electrodeposition, simplifying the preparation process while 
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enhancing reproducibility and long-term operational stability, avoiding issues 

related to enzyme degradation. 

Table 1. Comparison of this work with selected literature reports on SPE-based electrochemical 

platforms for ammonium ions detection. 

Electrode LoD Linear Range Application Reference 

SPCE modified 

with Paniep and Au 

NPs  

0.03 µM 0.35-1.5 µM Drinking water This work 

Pani SPE modified 

with Au NPs 
0.34 µM 2.0-7.0 µM  Drinking water This work 

SPEC modified 

with AuNPs and 

polymethylene 

blue 

0.65 µM 0–300 µM 
Aquaculture 

water 
[4]  

SPE modified with 

PANi/Nafion/Cu2

O 

0.50 µM 1.0–1000 µM Human Serum [3] 

Polydopamine/Au

NPs-modified 

SPCE 

1.44 μM 
51 μM to 510 

mM  
Biological fluids [2] 

 

While other systems may be optimized for complex biological matrices (e.g., 

serum or urine), they often lack the sensitivity required for detecting ammonium 

at the trace concentrations relevant to drinking water safety standards. In contrast, 

our sensor achieves a balance between high sensitivity, operational simplicity, 

and applicability to real-world scenarios. 

Overall, the developed sensors provide a robust and scalable platform with 

superior performance compared to comparable systems, enabling accurate, 

reliable, and enzyme-free detection of ammonium ions in drinking water. 

https://doi.org/10.3390/s23062961
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CONCLUSION 

Two fabrication strategies were implemented via cyclic voltammetry 

electrodeposition of Au NPs: (i) on a commercial PANI/C electrode (Au/PANI/C) 

and (ii) on a CV-electropolymerized PANIep/C electrode (Au/PANIep/C). In 

both cases, Au NPs enhanced the electrical conductivity of PANI and facilitated 

charge transfer during electrochemical reactions. The distribution of PANI on the 

carbon substrate significantly influenced the sensitivity and dynamic range for 

NH4
+ detection in amperometry. The electrodes were tested in the concentration 

range 0.35 – 7 µM NH4
+ in 1 M HCl solution. Results indicate that the Au/PANI/C 

electrode performed better at higher NH4
+ concentrations (LoD=0.34 µM), and 

worse at low NH4
+ concentrations (LoD=0.01 µM), while the Au/PANIep/C 

electrode was more effective at low concentrations (LoD= 0.03 µM) than at higher 

concentrations (LoD=0.07 µM). Both electrodes showed good reproducibility 

(maximum RSD of 5.94% for Au/PANIep/C and 3.68% for Au/PANI/C), and 

repeatability tests confirmed consistent recovery of the working electrode signal 

after each measurement. These findings demonstrate the robustness, stability, and 

practical applicability of the developed sensors for ammonium ion detection in 

aqueous environments. 
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CONCLUSION 

This doctoral thesis has demonstrated the development and characterization of 

three selective and sensitive electrochemical sensors for the detection of nitrate, 

nitrite, and ammonium ions in aqueous environments. By employing modified 

screen-printed electrodes as sensing platforms, this work presents low-cost, 

portable, and reliable alternatives to traditional analytical techniques. Each sensor 

was specifically engineered through electrode surface modification strategies to 

optimize performance for its target analyte. The nitrate sensor, based on Cu micro-

flowers electrodeposited on carbon SPEs, achieved an excellent limit of detection 

of 0.87 µM and a broad linear range, attributing to its high surface area and 

catalytic activity. The nitrite sensor employed a dual-metal oxide approach (Cu-

Mn/C), exploiting the synergistic redox behavior of MnO₂ and CuO, and 

demonstrated high selectivity, with a low detection limit of 0.071 µM and strong 

reproducibility. For ammonium ion detection, two Au-polyaniline composite 

electrodes (Au/PANI/C and Au/PANIep/C) were designed and compared, 

revealing that the electropolymerized PANI system provided superior sensitivity 

at ultra-trace concentrations (down to 0.03 µM). The sensors were validated not 

only in buffer systems but also in real water samples, including tap water and 

complex electrolytic matrices, confirming their operational robustness and 

negligible interference from common coexisting ions. Notably, the fabrication 

methods avoided the use of biological components (such as enzymes), which 

often present stability and storage limitation, thereby highlighting the practicality 

and durability of these electrochemical platforms. Overall, this work provides a 

solid foundation for future integration of such sensors into compact and 

decentralized water monitoring systems, with significant implications for 

environmental monitoring and public health protection. 

 


