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Abstract
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result that were carried out in 2018-2024.
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English.

The primary focus of this thesis is creation of nanostructured coatings for electrochemical cell electrodes
for the use case of electrochemical sensing. Such sensors can detect various chemical compound by

analyzing electrical current dynamics caused by interaction of electrode material with solution under test.

The following study focuses on developing electrochemical cells capable of detection of herbicide
(glyphosate) and plant oxidative stress indicator (hydrogen peroxide). Multiple nanostructured oxide
coatings were developed, including zinc, copper, cobalt, nickel oxides, using hydrothermal and laser
assisted methods. The morphology, crystalline structure, and applicability for electrochemical sensors were
evaluated for each of them via scanning electron microscopy, x-ray diffraction, and enerdy dispersive x-
ray spectroscopy. Those oxides were utilized to perform herbicide and oxidative stress detection in samples

collected from real plants, proving in-situ applicability of created sensors.

The created sensors could be utilized in agriculture for rapid analysis of plant condition, governmental

control over the use of herbicides, and general flora monitoring for ecological studies.
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1. Introduction

The development of advanced electrochemical sensing platforms based on nanostructured materials has
become a key research priority due to the unique and highly tunable properties that nanomaterials offer.
Among these, metal oxide nanostructures—such as ZnO, CuO, Cos04, and NiO—have gained increasing
attention for their excellent catalytic activity, high surface-to-volume ratio, and structural versatility. These
properties make them highly suitable for the fabrication of electrochemical sensors with enhanced
sensitivity, selectivity, and response time. The ability to control the morphology, composition, and surface
chemistry of these nanostructures through various synthetic methods allows researchers to tailor sensor
performance for specific applications, such as the detection of reactive oxygen species like hydrogen
peroxide (H202).

Despite these advancements, the development and optimization of metal oxide-based electrodes remain
highly challenging due to a number of unresolved issues. First, the performance of a sensor is heavily
dependent on the micro- and nano-scale architecture of the electrode surface. While various synthesis
techniques—such as hydrothermal growth, electrochemical deposition, and laser-assisted patterning—have
been employed to fabricate nanostructured films, the influence of parameters such as precursor
concentration, growth temperature, seed layer uniformity, and external stimuli (e.g., laser power) on final
morphology and electrochemical performance has not been fully explored. A more systematic
understanding of these factors is essential for reproducible and scalable fabrication of high-performance

electrodes.

Second, while the intrinsic electrochemical activity of metal oxides makes them promising candidates for
non-enzymatic sensors, their direct integration into practical sensor architectures remains limited. Many
studies are still confined to conventional three-electrode setups with glassy carbon or platinum working
electrodes, which are not suitable for mass production or miniaturization. The development of alternative,
scalable fabrication techniques—such as the use of PCB-based chips, droplet-based microcells, and screen-
printed electrodes—has only recently begun to be explored in depth. These approaches not only enable the
production of compact and robust sensor systems but also allow for the simultaneous monitoring of multiple

analytes in complex or low-volume samples.

Moreover, while significant progress has been made in the design of metal oxide-based electrochemical
sensors, the translation of laboratory-scale devices into real-world applications remains a challenge. The
need for stable, long-term, and highly sensitive sensors in harsh environments—such as those involving
interfering species, varying pH, or fluctuating temperatures—has not yet been fully met. The ability to
modify electrode surfaces to resist interference from common coexisting species (e.g., ascorbic acid,
glucose, or citric acid) is still an area of active research, particularly for sensors intended for use in complex

chemical or biological matrices.



Furthermore, the application of electrochemical sensors for the detection of oxidative stress biomarkers in
plants has received relatively limited attention, despite the growing importance of monitoring plant health
in response to environmental and chemical stressors. While traditional analytical methods—such as
spectrophotometry and fluorescence-based assays—have been widely used to assess stress-induced
changes in plants, they often require laborious sample preparation, expensive instrumentation, and are
typically limited to laboratory settings. In contrast, electrochemical sensors offer a promising alternative by
enabling rapid, in situ, and real-time detection of stress markers such as hydrogen peroxide (H-0-), a central
reactive oxygen species (ROS) that is both a signaling molecule and an indicator of oxidative stress.
However, the development of sensors specifically tailored for plant-based matrices—where the presence of
interfering compounds and low analyte concentrations pose significant challenges—has lagged behind their

use in more controlled environments such as clinical or industrial settings.

In particular, the use of metal oxide nanostructures for the detection of plant stress biomarkers remains an
underexplored area. Most existing studies focus on the general electrochemical behavior of these materials
in agueous solutions or in simple buffer systems, but few address their performance in complex, real-world
samples such as plant extracts, which contain a diverse array of organic and inorganic species. Moreover,
there is a lack of systematic investigation into how the morphology and composition of metal oxide
nanostructures influence their selectivity and sensitivity in plant-derived matrices. As a result, the design
of sensors that can reliably detect stress indicators in vivo—without requiring extensive sample
pretreatment—remains a critical technological gap. Addressing this gap is essential for the advancement of
precision agriculture, environmental monitoring, and the development of plant stress-mitigating strategies,

particularly in the context of climate change and increasing use of agrochemicals.
Goals:

1. To develop and optimize laser-assisted and hydrothermal synthesis methods for the controlled
fabrication of high-quality ZnO nanoneedles with tailored morphologies and patterned
arrangements, suitable for application in electrochemical sensing.

2. To develop and optimize scalable synthesis techniques for CuO, CosO4, and NiO nanostructures,
enabling precise control over morphology, composition, and surface properties to enhance their
performance in electrochemical sensing applications.

3. To develop and optimize a range of electrochemical cell platforms sutable for creation of
application-specific nanostructure based electrochemical sensors.

4. To develop and evaluate non-enzymatic electrochemical sensors based on Co304, CuO and NiO
nanostructures for the sensitive and selective detection of hydrogen peroxide in complex plant
matrices under abiotic and herbicide-induced stress conditions.

5. To validate sensor applicability for plants stress detection by correlating electrochemical H20:

detection results with physiological and molecular stress indicators in plants.



In order to achieve the defined goals, the following tasks were identified:

1. Investigate the effect of precursor concentration, growth temperature, and laser parameters on the
morphology and uniformity of ZnO nanoneedles using hydrothermal and laser-assisted methods.

2. Develop hydrothermal synthesis methods that enable the controlled formation of CuO, C0s0s, and
NiO with repeatable morphologies and systematically characterize the synthesized nanostructures
using SEM, XRD and element analysis.

3. Design and fabricate a variety of electrochemical sensor platforms with nanostructured electrodes
suitable for in situ analysis. These platforms should be optimized for compatibility with different
sample types and operational conditions.

4. Validate the performance of the developed electrochemical platforms across a range of
applications, including in situ plant stress monitoring and glyphosate detection in agricultural
samples. This includes testing for sensitivity, selectivity, reproducibility.

5. Fabricate and test electrochemical sensors using Cos04, CuO, and NiO nanostructures in three-
electrode configurations optimized for H-O: detection in aqueous and plant-derived samples.

6. Assess the selectivity and anti-interference capabilities of the sensors in the presence of common
plant matrix interferents (e.g., ascorbic acid, glucose, citric acid) and validate their performance
using calibration and real plant extract analysis.

7. Conduct electrochemical H-O» measurements in plant samples under salt and glyphosate stress, and
correlate the results with optical (chlorophyll content) and molecular (RAPD) stress indicators.

8. Demonstrate the utility of the sensors in monitoring the effectiveness of stress-mitigation strategies,

such as the application of ZnO and FesOas nanoparticles, by quantifying H.O: levels.
During the conducted research the following methods were used:

e Hydrothermal syntesis

o Laser-assisted hydrothermal synthesis

e Scanning Electron Microscopy

o X-ray Diffractometry

e Energy Dispersive X-Ray Spectroscopy
e Cyclic Voltammetry

e Chronoamperometry

o Differential Pulse VVoltammetry

o Electric Impedance Spectrometry

e Optical Spectrometry

o Random Amplified Polymorphic DNA analysis
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The results of the following work are summarized in the following thesis points:

1.

Laser-assisted and hydrothermal synthesis techniques enable the controlled fabrication of highly
uniform and patterned ZnO nanoneedles, significantly enhancing their structural fidelity and
suitability for application-specific design in electrochemical systems [1] [2].

Synthesis parameters were optimized to tailor the morphology of metal oxide nanostructures—
including CuO nanopetals [3], CosO4 nanofibers [4], and NiO nanowalls [5]—thereby improving
their electrochemical activity, surface area, and stability for use in sensors targeting plant oxidative
stress detection.

The developed electrochemical platforms demonstrate reliable and scalable performance in
detecting analytes both in vitro and in situ. Tailored for applications including plant stress
monitoring [6] [7], herbicide detection [8], and surface wetting studies [9], each platform
showcases metal oxide based nanostructured sensor’s adaptability to different sensing needs.
Nanostructured NiO, Co304, and CuO electrodes exhibit exceptional sensitivity and selectivity for
hydrogen peroxide detection in plant extracts, enabling the real-time monitoring of oxidative stress
under abiotic and herbicide-induced conditions [5] [7].

The sensing platform developed in this study demonstrates a strong correlation with physiological

stress indicators, supporting the use of H20: as a reliable biomarker for assessing plant stress [5]

[6].

Novel Aspects of the Research

The study introduces a custom made orignal electrochemical platform based on metal oxide
nanostructures, enabling the sensitive and selective detection of hydrogen peroxide in both
controlled and real-world plant-based environments.

A non-enzymatic electrochemical system was developed for the in situ assessment of oxidative
stress in plants, offering a practical and scalable alternative to conventional analytical methods.
The study demonstrates the utility of the developed electrochemical sensor platform in evaluating
the stress-mitigating effects of FesOs and ZnO nanoparticles, showing their potential to enhance

plant resilience under abiotic and herbicide-induced stress conditions.

Practical and Applied Impact

The developed electrochemical sensors enable rapid, in situ detection of oxidative stress in plants,
offering a valuable tool for precision agriculture and environmental monitoring. The study also
highlights the potential of metal oxide nanoparticles as effective stress-mitigating agents,

supporting the development of sustainable plant protection strategies.
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2. Electrochemical sensors based on metal oxide

nanostructures

Electrochemistry constitutes a specialized discipline within physical chemistry, focusing on the quantitative
relationships between electrical parameters of electrochemical cells and the chemical identities of analytes.
This field employs electrochemical methods wherein an electric current is passed through a sample while
concurrently measuring the resulting potentials generated at the electrode-sample interface. These
interactions, elaborated upon in subsequent sections, enable the characterization of chemical species

through variations in current, potential, and their temporal dynamics.

The evolution of electronic instrumentation has catalyzed the development of highly sensitive
electrochemical analyzers. Concurrently, advancements in computational techniques have facilitated the
automation of electrochemical measurements, enhancing reproducibility and efficiency. Consequently,
electrochemical analysis has emerged as a versatile analytical technique, with applications spanning the
detection of herbicides, nucleic acids, atmospheric carbon monoxide, foodborne contaminants, and glucose

levels in biological fluids.

A defining feature of electrochemical analysis is its reliance on current and potential measurements,
offering a cost-effective alternative to more resource-intensive techniques such as mass spectrometry and
chromatography. The inherent simplicity of electrochemical cells, coupled with their compact design,
renders them particularly suitable for the development of portable analytical devices. The affordability and
automatable nature of these systems further underscore their utility in chemical compound detection,

particularly in agueous matrices.

2.1. Electrochemical sensing theory

An electrochemical cell is a system designed to either convert chemical energy into electrical energy or
induce chemical reactions via an applied electrical potential. Structurally, it comprises a sample reservoir
and at least two electrodes fabricated from conductive materials, including metals, semiconductors, or
carbon-based conductors [10]. Optional components, such as inert gas flow regulators, thermostats, and

mixing apparatuses, may be integrated to optimize reaction conditions [11].

The operational principle of electrochemical cells is governed by interfacial reactions occurring at the
electrode-electrolyte boundary [12]. These reactions determine both current generation and the initiation of
selective chemical processes. The choice of electrode material is critical, as it influences the cell’s
sensitivity, selectivity, and overall electrochemical response [13]. Key material selection criteria include
electrical conductivity, electrochemical stability, and surface properties, which dictate the cell’s suitability

for specific analytical applications.
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Given the dependence of electrochemical performance on surface interactions, electrode modification
techniques are routinely employed to enhance sensor functionality [14] [15] [16]. Surface treatments can

be tailored to promote selective analyte detection via direct chemical interaction with the electrode material.

The simplest configuration of an electrochemical cell is the double-electrode system (Figure 1 A),
consisting of two distinct electrodes immersed in an electrolyte solution to facilitate ion exchange [17].
These electrodes are connected via an external circuit, enabling electron transfer and subsequent

electrochemical measurement.

A B

CE RE

a
~ 7

Figure 1. Schematic representation of a double-electrode (A) and triple-electrode (B) electrochemical cell. CE: counter
electrode, WE: working electrode, RE: reference electrode

In certain configurations, this arrangement generates a spontaneous potential difference, dependent on the
electrolyte composition and electrode materials. Such systems are classified as galvanic cells and are
utilized for thermodynamic analysis. Alternatively, when an external potential is applied and current flow
is measured, the system operates as an electrolytic cell, facilitating kinetic and mechanistic studies [17].

The theoretical framework of electrochemical cells is underpinned by the electrochemical series and the
Nernst equation [18]. The electrochemical series ranks elements by their standard reduction potentials,
predicting redox tendencies. Meanwhile, the Nernst equation quantifies electrode potentials under non-

standard conditions, accounting for reactant/product concentrations and temperature effects.

2.1.1. The electrochemical cell potential

In a galvanic cell, the spontaneous generation of electrical energy from chemical reactions exemplifies the
conversion of chemical potential energy into electrical work, adhering to the law of energy conservation.
The electrical energy output is derived directly from the chemical energy of the participating atoms and
ions engaged in the electrochemical processes [19]. The measured potential difference (voltage) between

the electrodes quantifies the energy per unit charge transferred through the external circuit.
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The thermodynamic relationship governing this conversion is expressed by the Gibbs free energy change

associated with the cell reaction [17]:

—AG = nFEc (1)
Here, AG represents the Gibbs free energy change of the reaction, n denotes the number of electrons
transferred, F is Faraday’s constant, and Eceir corresponds to the electromotive force (EMF) or net potential
difference between the electrodes. This equation establishes the principle that the electrical work performed
by the cell is thermodynamically equivalent to the Gibbs free energy change driving the electrochemical
process [19].

The electrochemical properties of the cell are intrinsically linked to the selection of electrode materials,
which dictate the specific redox reactions occurring at the electrode-electrolyte interface [18]. The electrode
potential (or reduction potential), reflecting the thermodynamic tendency of a species to gain electrons,
varies significantly among different materials. Consequently, the cell potential (Ec.i) and the associated
Gibbs free energy change (AG) are determined by the electrode pair’s composition [17]. By measuring the
cell potential and calculating AG, it is possible to infer the chemical nature of the electrolyte through

comparison with established reference values.

The electrochemical reactions within a cell are conceptualized as two distinct half-reactions, each occurring
at separate electrodes. This compartmentalization underscores the principle that each electrode develops an
individual potential relative to the electrolyte. The overall cell potential (Ecen) is mathematically defined as

the difference between these electrode potentials [18]:

Ecell = Eeletrode B— Eeletrode A (2)
where Eeletrode A and Eeletrode B represent the potentials of electrodes A and B, respectively. This

relationship is foundational to electrochemical theory, as the potential at each electrode is governed by:

e The intrinsic redox properties of the electrode material,
e The ion concentration gradients in the electrolyte, and

e The standard electrode potentials of the participating species.

The electrode exhibiting a higher reduction potential operates as the cathode, facilitating electron
acceptance (reduction), while the electrode with a lower reduction potential functions as the anode,
undergoing oxidation. This polarization is essential for sustaining the directional flow of current through

the external circuit, enabling quantitative electrochemical analysis.
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2.1.2. Standard Electrode Potentials and Reference Systems

The direct measurement of absolute electrode potentials relative to an electrolyte is experimentally
impractical due to the absence of a universal reference state. This necessity led to the adoption of the
standard hydrogen electrode (SHE) as an arbitrary zero-reference point. The SHE operates under defined

standard conditions (1 atm pressure, 298.15 K) according to the half-reaction [18]:

2H* + 2e” > H> (©)
By convention, the potential of this reaction is assigned a value of 0 V [18]. Consequently, the standard
electrode potential (E©) of any other electrode is determined as the potential difference observed when
measured against the SHE under identical standard conditions. Using these standardized potentials in the
cell potential equation (2) allows for the calculation of the standard cell potential for any electrochemical

system. The sign of Ec carries thermodynamic significance [8]:

e A positive Ecen indicates a spontaneous process, classifying the cell as galvanic (self-sustaining).
e A negative Ec signifies a non-spontaneous process, requiring external energy input to drive the

reaction (electrolytic cell).

This framework provides a quantitative basis for predicting reaction spontaneity and the direction of

electron flow in electrochemical systems.

In experimental electrochemistry, a three-electrode cell configuration is commonly employed to decouple
the measurement of potential from the measurement of current [18]. This configuration consists of a
working electrode, a counter electrode, and a reference electrode, each fulfilling a distinct role in the system
(Figure 1 B). The working electrode is the site where the electrochemical reaction of interest occurs, the
counter electrode completes the electrical circuit by mediating the reverse reaction, and the reference
electrode provides a stable and well-defined potential against which the working electrode’s potential is
measured. This separation allows for accurate control and measurement of the electrode potential without
the interference of current flow through the reference electrode, which could otherwise perturb its potential

and compromise the measurement [18].

Among the most widely used reference electrodes is the silver/silver chloride (Ag/AgCl) electrode,
particularly in agueous electrochemical systems [14]. The Ag/AgClI reference electrode is favored for its
high reproducibility, chemical stability, and low hysteresis—that is, minimal potential drift upon

polarization or prolonged use. It operates based on the redox couple [18]:

AgCl+e™ & Ag+ CI™ 4)
Ag/AgCl electrode potential is highly dependent on the chloride ion concentration in solution, typically 1
M KCI for standard conditions. The stability of this redox equilibrium ensures that the Ag/AgCl electrode
can maintain a nearly constant potential even in the presence of small current fluctuations or changes in the

working electrode environment. This stability is particularly important in electrochemical analysis, where
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the accurate determination of electrode potentials is essential for both qualitative identification and

guantitative evaluation of electroactive species.

2.1.3. Non-Standard Conditions and the Nernst Equation

While standard potentials describe equilibrium under ideal conditions, real-world applications often involve
deviations from these parameters. The Nernst equation extends electrochemical theory to non-standard
conditions by describing the relationship between applied potential and reaction quotient [17]:

o RT ] [Red]

nF " [Ox]

Here E is the applied potential under non-standard conditions, E© is the standard potential, R is the gas

()

constant (8.314 J-mol*-K™), T is the temperature in kelvin, n is the number of electrons transferred per
reaction, F is Faraday’s constant (96,485 C-mol™), [Red] and [Ox] denote the molar concentrations of

reduced and oxidized species, respectively.
Key implications of the Nernst equation:

1. Equilibrium Condition: When E=E°, the concentrations of oxidized and reduced forms are equal
([Red]=[Ox]), resulting in zero net current.

2. Deviation from Equilibrium: If E differs significantly from E°, the electrode surface undergoes
complete oxidation or reduction, generating measurable current.

3. Reversibility Constraint: The Nernst equation applies only to reversible reactions, where the

forward and reverse processes occur at comparable rates.

This thermodynamic model enables precise control over electrochemical systems, facilitating applications

in sensors, batteries, and electroanalysis [17].

2.1.4. Current Flow in Electrochemical Cells

The majority of electrochemical analyses necessitate the application of an external potential to drive the
electrochemical cell beyond its equilibrium state, resulting in a measurable current flow through the
electrodes. This current is quantitatively described by the Butler-Volmer equation, which governs the

relationship between overpotential and current density [18]:

] aann_F _acnn_F
J=Jo CRede RT — COxe RT

"= be ®)
agta.=1

In this equation, j is the current density (A-m2), T is the temperature, F is Faraday's constant, R is the ideal

gas constant, n is the number of electrons transferred in the reaction, n is overpotential, E is electrode
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potential, E,, is equilibrium state electrode potential, Cg.4 and Cy, are respectively reduced and oxidized
reactant forms concentrations, «, and «a, are the anodic and cathodic transfer coefficients. Current density
jo denotes the exchange current density at equilibrium (A-m™?), a measure of the intrinsic reaction rate when
forward and reverse processes are balanced. The overpotential (1)), defined as the difference between the
applied potential (E) and the equilibrium potential (Eeq), drives the electrochemical reaction. The
equilibrium potential Eeq is determined using the Nernst equation (5) and depends on the concentrations of
reduced and oxidized species in solution. The charge transfer coefficients (0. and o), quantify the symmetry
of the energy barrier for electron transfer. The values a, = a, = 0.5 represent ideally reversible reaction
in which both oxidation and reduction occurs at equal rates, while a, = 1 or a, = 1 would represent the

case of irreversible reaction.
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Figure 2. Current density j as function of overpotential  as defined by Butler-Volmer equation (6). This graph assumes that j, =
1AM? a, =a.=0.5n=1T=298K.

Under equilibrium conditions (n = 0), the Butler-Volmer equation simplifies to j = 0, reflecting the balance
between oxidation and reduction. However, as 1 increases, one exponential term dominates, leading to an
exponential rise in current density (Figure 2). This relationship enables quantitative analysis of reactant

concentrations and electrochemical reaction Kkinetics by correlating measured current with applied

overpotential.
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2.2. Methods of Electrochemical Analysis

Electrochemical analysis involves the quantitative study of voltage and current dynamics in an
electrochemical cell over time. This discipline employs distinct methodologies, each offering unique
sensitivity and analytical capabilities. This section examines three fundamental techniques:
chronoamperometry, cyclic voltammetry, and differential pulse voltammetry. All presented graphs are
derived from computer simulations of electrochemical cell dynamics detailed in Appendix 1.

2.2.1. Chronoamperometry

Chronoamperometry (CA) is a fundamental electrochemical technique in which a constant potential is
abruptly applied to an electrochemical cell, and the resulting current response is recorded as a function of
time [17]. This method provides critical insights into electrochemical reaction mechanisms, diffusion

processes, and the concentration of electroactive species in solution.

Upon application of the step potential, the current exhibits two distinct phases. First, a transient current
spike occurs due to capacitive charging of the electrode-electrolyte interface, which reflects the
rearrangement of charge at the double layer. This initial response is non-Faradaic in nature. Following this,
the current decays over time as the electroactive species undergo diffusion-controlled redox reactions at the
electrode surface. The temporal evolution of this current is governed by the Cottrell equation for simple
reversible redox processes [18]:

I(t) = nFAc, % (7

In this equation, I(t) represents the current at time t, n is the number of electrons transferred per redox event,
F denotes Faraday's constant, A is the electrode area, ¢o is the bulk concentration of the electroactive
species, and D is the diffusion coefficient. The equation assumes semi-infinite linear diffusion conditions,

where the diffusion layer thickness grows with time.
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Figure 3. Computer simulation of chronoamperometry. A) The applied electrode potential and current density over time. B) The
reduced and oxidized form of reactant over time near electrode surface. The simulation was carried out assuming jo=10000A/m?,
a, = a, =05, T=298K, E°=05V,n=1.
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A key analytical application of chronoamperometry lies in its ability to determine the concentration of
electroactive species. By measuring the current-time response and fitting it to the Cottrell equation, one can
guantitatively determine co, provided the diffusion coefficient D is known or can be independently
measured. Deviations from the ideal Cottrelian behavior may indicate the presence of additional
electrochemical phenomena, such as coupled chemical reactions, adsorption processes, or non-linear
diffusion effects.

2.2.2. Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technique characterized by a triangular potential waveform,
where the applied potential is linearly varied with time [20]. This method involves three distinct phases: an
initial sweep from a starting potential to a predefined maximum (or minimum), a rapid potential reversal,
and a return sweep to the initial value. The cycle can be repeated multiple times to study electrochemical
reactions. The rate of potential change, known as the scan rate (typically expressed in V/s), is a critical

experimental parameter that governs reaction kinetics and mass transport.
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Figure 4. Cyclic voltammetry waveforms and resulting voltammogram. A) Applied potential waveform as a function of time. B)
Typical voltammogram for a reversible electrochemical reaction, showing anodic and cathodic current peaks. The simulation
was carried out assuming j0=10000A/m2, a, = a, = 0.5, T=298K, E°= 0.0 V, n = 1, bulk concentration of reduced and
oxidized forms 0 M and 1 M respectfully.

For a simple reversible electrochemical reaction:
Ox +ne < Red (8)

the voltammogram exhibits two diagnostic current peaks occurring symmetrically around the standard
potential of the redox couple. The Nernst equation (5) predicts that at the initial (minimal) potential, the
electroactive species predominantly exists in its reduced form, while at the maximal potential, oxidized

form prevails [17].

As the potential sweeps forward through the standard potential, an overpotential develops, driving the
reduction reaction. This produces an initial current rise as electron transfer occurs, followed by a peak and
subsequent decay as the reactant is depleted at the electrode surface [20]. The reverse sweep mirrors this

behavior, with oxidation of the accumulated reduced species generating a second current peak.
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The quantitative relationship between peak current (I,) and experimental parameters is described by the

Randles-Sevcik equation [18]:
ip = 2.69 % 10° * ACyYn3Dv )

This equation enables concentration determination through peak current measurements, while the peak
potential positions allow identification of the electroactive species by comparison with reference redox
potentials. The technique's sensitivity to both thermodynamic and kinetic parameters makes CV
indispensable for studying electron transfer mechanisms, catalyst activity, and molecular interactions at

electrodes.

2.2.3. Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is a sensitive and widely used electroanalytical technique that
combines the advantages of controlled potential methods with advanced signal processing to achieve
enhanced resolution and detection limits [20]. In DPV, the applied potential waveform consists of a linear
potential sweep, or "background" voltage, composed of discrete steps, to which a small-amplitude voltage
pulse is periodically added at each step. The pulse is typically applied for a short duration—usually in the
range of 10 to 100 milliseconds—and its amplitude is generally in the range of a few millivolts to tens of
millivolts. The potential step and pulse are repeated at fixed intervals throughout the sweep, which is usually

conducted from a lower to an upper potential limit and then reversed or stopped.

During each pulse, the current response of the electrochemical system is measured twice: once at the end
of the pulse (Figure 5, denoted as I:) and once just before the pulse begins (Figure 5, denoted as To). The
difference between these two current values, Al = I — Io, is recorded as the electrochemical signal for the
corresponding potential step and plotted against the applied base potential. This differential signal
inherently subtracts out the capacitive current, which remains relatively constant during the pulse and is
present in both 1 and lo. As a result, the measured current is predominantly faradaic in nature, arising from

the redox reaction occurring at the electrode surface.
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Figure 5. Differential pulse voltammetry waveforms and resulting voltammogram. A) Applied potential waveform as a function of
time, With I, and I» measurement moments signified by arrows. B) Typical voltammogram for a reversible electrochemical
reaction, showing anodic and cathodic current peaks. The simulation was carried out assuming j0=10000A/m2, a, = a. = 0.5,
T=298K, E°= 0.0 V, n = 1, bulk concentration of reduced and oxidized forms 0 M and 1 M respectfully.
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The theoretical basis for the superior performance of DPV lies in its ability to enhance the signal-to-noise
ratio while minimizing background contributions. The subtraction of the pre-pulse current eliminates the
steady-state double-layer capacitance and other non-faradaic effects, allowing for a clearer and more
accurate representation of the actual electrochemical process. This is particularly advantageous when
analyzing species present at low concentrations or in complex electrochemical environments where

interferences are common.

Moreover, DPV provides a higher degree of peak resolution compared to conventional voltammetric
techniques such as linear sweep voltammetry or cyclic voltammetry. The narrow width of the potential
pulses limits the time during which diffusion can occur, thereby increasing method’s sensitivity. This leads
to better discrimination between closely spaced redox processes and facilitates the detection of minor

components in a mixture.

An important theoretical consideration is that the small pulse amplitude ensures that the system remains
close to thermodynamic equilibrium. This minimizes the perturbation of the system, preserving the
accuracy of the measured electrochemical parameters such as peak potential and peak current. The
combination of small perturbations and precise current subtraction makes DPV particularly well suited for

studies involving fast electron transfer kinetics and reversible redox couples.

The practical utility of DPV is further enhanced by its compatibility with a variety of electrochemical cells
and sensors. It is especially valuable in applications such as biosensing, environmental monitoring,
pharmaceutical analysis, and the determination of electroactive species in biological and industrial samples.
Its high sensitivity, low detection limits, and ability to resolve overlapping signals make it a preferred

method in situations where conventional voltammetric techniques are insufficient.

2.3. Nanostructured Metal-Oxide Sensors (ZnO, CuO, C030a4, NiO)

Zinc oxide (ZnO) nanostructures have emerged as a promising class of materials for electrochemical
sensing due to their exceptional physical and chemical properties [16]. These include a wide bandgap (3.37
eV), high electron mobility, and excellent stability under a variety of environmental conditions [21]. The
versatility of ZnO is further enhanced by its ability to be synthesized into various nanostructures, such as
nanorods, nanowires, nanotubes, and nanotetrapods, each with unique morphological and functional
characteristics [22]. The synthesis of ZnO nanostructures typically involves methods such as pulsed laser
deposition (PLD), sputtering, sol-gel, and thermal evaporation [23] [24] [25] [26] [27]. Among these, the
sol-gel method is particularly advantageous due to its low cost and scalability for large-area deposition [28].
The resulting nanostructures exhibit high surface-to-volume ratios, which are critical for enhancing the

interaction with biomolecules and improving sensor performance [29] [15].

The electrochemical activity of ZnO nanostructures is further amplified by their ability to facilitate efficient
electron transfer between the bioreceptor and the transducer [21]. This is crucial for biosensor applications,

where low detection limits and high sensitivity are required [30]. For example, ZnO nanorods have been
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immobilized with glucose oxidase (GOXx) to create highly sensitive glucose biosensors, achieving rapid
response times and excellent stability [31]. Similarly, ZnO nanowires have been used in amperometric
biosensors for detecting hydrogen peroxide (H20:), demonstrating superior sensitivity due to their high
electron transport properties [32]. The integration of ZnO with other materials, such as multiwalled carbon
nanotubes (MWCNTS) and chitosan, further enhances the performance of these sensors by improving

conductivity and providing a stable matrix for enzyme immobilization [33] [34].

In addition to their applications in biosensors, ZnO nanostructures have shown significant potential in the
detection of environmental pollutants and industrial analytes. For instance, ZnO-based phenol biosensors
have been developed using electrostatic interactions between positively charged ZnO nanorods and
tyrosinase enzymes, achieving a linear detection range and rapid response times [30]. ZnO nanorod arrays
have also been employed in immunosensors for the detection of cancer biomarkers, such as prostate-
specific antigen (PSA), demonstrating high specificity and sensitivity [35]. The ability to tailor the
morphology and composition of ZnO nanostructures through controlled synthesis techniques allows for the
optimization of these sensors for specific applications [22]. As research continues, the development of ZnO-
based sensors is expected to play a pivotal role in advancing point-of-care diagnostics, environmental
monitoring, and plant stress analysis, particularly in the context of oxidative stress biomarkers like H2O:
[36].

Cobalt oxide (Cos04) has emerged as a pivotal material in non-enzymatic electrochemical sensing due to
its tunable redox activity, high surface-to-volume ratio, and structural versatility [37] [38]. Its unique
electronic properties stem from the variable oxidation states of cobalt (Co**/Co**), enabling efficient
electron transfer and catalytic activity for a broad range of analytes, including hydrogen peroxide (H20.),
glucose, hydrazine, and heavy metals [39] [40]. The morphology of Co0sOs nanostructures—such as
nanofibers, nanowires, hollow spheres, and nanocubes—can be precisely controlled via synthesis methods
like hydrothermal [41], solvothermal [42], and MOF-derived pyrolysis [43]. These morphologies
significantly influence performance by optimizing active site exposure and electron transport. For instance,
porous Co:04 nanofibers synthesized via hydrothermal methods exhibit exceptional sensitivity for H.02
detection due to their high surface area and low charge transfer resistance [38]. Similarly, hierarchical
structures such as urchin-like CosO4 nanospheres demonstrate robust stability and wide linear ranges by

minimizing interference from coexisting species [44].

The application of CosO. in non-enzymatic sensors is further enhanced through composite formation with
conductive materials, such as reduced graphene oxide (rGO), carbon nanotubes (CNTSs), or metal-doped
frameworks. These composites address the inherent conductivity limitations of CosO4 while amplifying
electrocatalytic activity [45] [46]. For example, Cos04/rGO composites achieve ultra-low detection limits
(7.87 nM for H-0:) by leveraging the synergistic effects of rGO’s high conductivity and CosO4’s redox
properties [43]. Additionally, sulfur-doped Cos0. nanosheets exhibit improved selectivity for mercury ions

(Hg?") via enhanced surface defect density and Co?"/Co** valence cycling, achieving a sensitivity of 1027.46
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LA M cm 2 and a limit of detection of 0.016 pM [47]. The adaptability of CosO4 to complex matrices is
underscored by its use in detecting H.O. in plant extracts, where it demonstrates anti-interference
capabilities against ascorbic acid and citric acid [48]. This positions Co0sO4 as a promising candidate for

monitoring oxidative stress in agricultural and environmental contexts.

Despite its advantages, optimizing CosOs-based sensors requires addressing challenges such as
morphological uniformity and long-term stability in real-world conditions [49]. Recent studies highlight
the role of synthesis parameters—such as precursor ratios, calcination temperatures, and surfactant use—
in tailoring nanostructure morphology for specific applications [38] [50]. For instance, ZIF-67-derived
Co0504 hollow spheres with uniform porosity and high metal site density enable real-time H.O2. monitoring
in serum samples, achieving recoveries of 92.0-106.5% [38]. Furthermore, the integration of CosOa4 into
scalable platforms like screen-printed electrodes (SPEs) and flexible substrates enhances practical
applicability, as demonstrated in sensors for pharmaceuticals, heavy metals, and plant stress biomarkers
[51] [52]. These advancements align with the broader goal of developing robust, low-cost electrochemical
systems for in situ and point-of-care analysis, particularly in resource-limited settings where enzymatic
sensors are impractical [4] [53]. By systematically refining synthesis strategies and hybrid architectures,
Cos0.-based sensors are poised to bridge the gap between laboratory innovation and real-world deployment

in biosensing, environmental monitoring, and plant health diagnostics.

Nickel oxide (NiO) has emerged as a promising metal oxide for electrochemical sensing due to its unique
structural and electrochemical properties [14]. As a p-type semiconductor, NiO exhibits a high surface-to-
volume ratio and excellent electron transport capabilities, making it suitable for the detection of a wide
range of analytes [54]. The synthesis of NiO nanostructures, such as nanosheets, nanodentrites, and
nanoflakes, can be achieved through various methods including hydrothermal, sol—gel, and chemical bath
deposition [55] [56]. These methods allow precise control over morphology, surface area, and porosity,

which are critical factors in enhancing sensor performance.

The high electrocatalytic activity of NiO is attributed to its ability to facilitate direct electron transfer
between the analyte and the electrode surface, enhancing the sensor’s response [56]. The ability to tailor
the morphology and surface chemistry of NiO nanostructures through controlled synthesis techniques
allows for the optimization of these sensors for specific applications. NiO has shown significant potential
in the detection of biologically active molecules, for example, NiO nanoparticles were utilized for
construction of metamphetamine sensor with limit of detection of 333.3 fM and linear range from 1pM to
50mM [57]. Another study demonstrated NiO-based sensor for methotrexate detection for cancer therapy,
with limit of detection of 7.2 nM [58]. As research continues, the development of NiO-based sensors is
expected to play a pivotal role in advancing point-of-care diagnostics, environmental monitoring, and plant
stress analysis, particularly in the context of oxidative stress biomarkers like hydrogen peroxide (H202)

[55].
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Copper oxide (CuO) nanostructures have garnered significant attention in electrochemical sensing due to
their exceptional catalytic activity, high electrical conductivity, and structural versatility. These properties
make CuO an ideal candidate for the development of non-enzymatic biosensors, particularly for the
detection of hydrogen peroxide (H202), glucose, and other biomarkers [59] [60]. The synthesis of CuO
nanostructures, such as nanowires, nanoleaves, nanoflowers, and nanodentrites, can be achieved through
various methods, including hydrothermal synthesis [59], co-precipitation [60], and laser-assisted
techniques. These methods allow for precise control over the morphology and surface chemistry of the

nanostructures, which in turn significantly influence their electrochemical performance.

The electrochemical activity of CuO is largely attributed to its ability to participate in redox reactions,
facilitating efficient electron transfer between the analyte and the electrode surface. For example, CuO
nanoflowers have been utilized in the non-enzymatic detection of glucose, demonstrating high sensitivity
(1467.32 pA-mM '-cm2) and a low limit of detection (12 nM) [59]. The high surface-to-volume ratio of
CuO nanostructures enhances the interaction with target analytes, thereby improving the sensor's response
time and sensitivity. Additionally, the integration of CuO with other materials, such as reduced graphene
oxide (rGO) and chitosan, has been shown to further enhance the electrochemical performance by
improving conductivity and providing a stable matrix for analyte immobilization [61] [62]. These results
highlight the versatility and robustness of CuO nanostructures in various electrochemical sensing
applications. Furthermore, the ability to tailor the morphology and composition of CuO through controlled
synthesis techniques allows for the optimization of these sensors for specific applications, such as the

detection of biomarkers [62].

This chapter has provided a comprehensive overview of the electrochemical sensing capabilities of
nanostructured ZnO, CuO, Cos04, and NiO, emphasizing their unique morphological and electronic
features that enable high sensitivity, selectivity, and stability in both aqueous and complex biological
matrices. These metal oxides, when synthesized into controlled nanostructures, offer enhanced surface-to-
volume ratios, tunable redox properties, and improved electron transfer kinetics, which are essential for the
development of next-generation non-enzymatic electrochemical sensors. The integration of these materials
into tailored electrochemical platforms further expands their applicability in real-world scenarios, including
the detection of oxidative stress biomarkers such as hydrogen peroxide in plant systems. The insights gained
from this chapter lay the foundation for the subsequent experimental work in this thesis and highlight the
potential of these metal oxide nanostructures to bridge the gap between laboratory-scale sensing and field-
deployable, scalable biosensing systems. Future research should focus on optimizing sensor fabrication for
reproducibility, enhancing selectivity in plant-derived matrices, and integrating these systems into portable,
low-cost analytical devices. The development of such sensors will not only advance electrochemical
biosensing in environmental and agricultural monitoring but also contribute to the broader goals of
precision agriculture, sustainable resource management, and plant stress mitigation under changing climatic

conditions.
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2.4.  Morphology—Performance  Relations in  Nanostructured
Electrochemical Sensors

The electrochemical sensing capabilities of nanostructured metal oxides have revolutionized analytical
chemistry, offering unparalleled sensitivity, selectivity, and response times for detecting a wide range of
biomolecules, environmental pollutants, and industrial analytes. The synthesis conditions—including
temperature, precursor concentration, surfactant selection, reaction time, and post-treatment processes—
dictate the final nanostructure morphology, which in turn influences key sensing parameters such as
sensitivity, detection limit, selectivity, and stability. By systematically analyzing these relationships, this
chapter provides a comprehensive framework for optimizing nanostructured sensors for specific

applications, while also identifying critical gaps in the current literature that warrant further investigation.

The versatility of metal oxide nanostructures stems from their tunable physicochemical properties, which
can be engineered through controlled synthesis. For example, ZnO can be synthesized as nanorods [9],
nanowires [63], or hierarchical nanoflowers [64], each exhibiting distinct electrochemical behaviors due to
differences in surface area, porosity, and electron transport pathways. Similarly, CosO4 can be engineered
into nanofibers [4], hollow nanospheres [65], or urchin-like structures [44], each offering unique advantages
for non-enzymatic sensing applications. The ability to modulate these morphologies through precise
synthesis parameters enables the development of sensors tailored for specific analytes, whether they be
glucose, hydrogen peroxide, heavy metals, or biomarkers of disease. However, despite these advancements,
challenges such as reproducibility, long-term stability, and scalability persist, necessitating further research

to bridge the gap between laboratory-scale innovations and real-world applications.

The synthesis of metal oxide nanostructures involves a delicate balance of experimental parameters, each
of which exerts a profound influence on the final morphology and, consequently, the electrochemical
performance of the sensor. For instance, the synthesis of ZnO nanorods via hydrothermal methods typically
involves temperatures ranging from 80°C to 100°C, where higher temperatures favor anisotropic growth,
resulting in rod-like structures with lengths of several micrometers and diameters of hundreds of
nanometers [1]. The addition of capping agents, such as cetyltrimethylammonium bromide (CTAB) [66]
or polyvinylpyrrolidone (PVP) [67], can further modulate growth Kinetics, promoting spherical or
hexagonal morphologies under specific conditions. Similarly, the synthesis of Co0sOs nanowires via
solvothermal methods benefits from the use of surfactants like sodium citrate [68], which not only stabilize
the nanostructures but also introduce porosity, enhancing their active surface area for electrochemical

reactions.

The choice of precursor compounds also plays a critical role in determining the final morphology. For
example, zinc acetate and hexamethylenetetramine are commonly used in hydrothermal ZnO synthesis [1],
where their molar ratio influences the nucleation and growth rates, ultimately dictating the aspect ratio of

the resulting nanorods. In contrast, the use of metal-organic frameworks (MOFs) as sacrificial templates,
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such as ZIF-67 for CosOa [43], enables the synthesis of hollow nanospheres with high porosity and uniform
metal site density, which are highly desirable for enhancing sensor sensitivity. Post-synthesis treatments,
such as thermal annealing or chemical etching, can further refine the morphology by removing residual

surfactants or introducing surface defects that enhance catalytic activity.

The synthesis of hybrid nanostructures, such as ZnO@Au core-shell particles [69] or Co0s04/rGO
composites [43], introduces additional complexity but also offers significant performance benefits. The
deposition of Au nanoparticles onto ZnO nanorods, for instance, not only enhances electron transfer but
also improves stability in biological matrices by preventing surface fouling. Similarly, the integration of
graphene oxide (rGO) with CosO4 nanofibers leverages the high conductivity of rGO while maintaining the
redox properties of CosOa, resulting in sensors with ultra-low detection limits and rapid response times.
These examples underscore the importance of synthesis parameter optimization in achieving the desired

nanostructure morphology for specific sensing applications.

The electrochemical performance of nanostructured sensors is intrinsically linked to their morphology,
which governs key parameters such as surface area, porosity, electron transport pathways, and analyte
accessibility. For instance, ZnO nanorods exhibit high sensitivity in glucose detection due to their porous
structure [31], which facilitates efficient ion transport and enzyme immobilization, resulting in rapid
response times (~1 s). However, their sensitivity is often compromised in the presence of fouling agents,
necessitating surface modifications to enhance long-term stability [14]. In contrast, ZnO nanowires offer
superior electron mobility along their longitudinal axis, enabling faster charge transfer and lower detection
limits (as low as 0.5 nM when combined with MWCNTS) [16]. The high aspect ratio of nanowires also

minimizes diffusion limitations, making them ideal for real-time monitoring applications.

Cos04-based sensors demonstrate a similar morphology-dependent performance trend. Porous CosOa
nanofibers synthesized via hydrothermal methods exhibit exceptional sensitivity (28.63 pA-mM™) for
hydrazine detection due to their high surface area and low charge transfer resistance [70]. However, their
selectivity may be compromised in complex matrices, where interference from coexisting species can
degrade performance. Hierarchical structures, such as urchin-like Cos;O4 nanospheres, mitigate this issue
by minimizing interference while maintaining wide linear ranges, making them suitable for real-world
applications. The introduction of surface defects, such as through sulfur doping, further enhances selectivity
for heavy metals like Hg?*, achieving sensitivities as high as 1027.46 pA-uM-cm and detection limits of
0.016 uM [47].

Trade-offs between sensitivity and response time are common in nanostructured sensors. For example,
hierarchical ZnO nanoflowers enhance sensitivity by maximizing surface area but often suffer from slower
diffusion rates due to their complex morphology [14]. Conversely, 1D nanostructures, such as CosOs
nanowires, enable rapid electron transport but may require additional functionalization to improve long-
term stability [37]. These trade-offs necessitate careful optimization of morphology for specific
applications, balancing detection limits, linearity, and stability.
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Hybrid composites, such as CosO4/rGO or ZnO@Au, often combine the strengths of multiple materials,
offering improved conductivity, stability, and catalytic activity. For instance, C0:04/rGO composites
achieve ultra-low detection limits (7.87 nM for H202) by leveraging the synergistic effects of rGO’s high
conductivity and CosO4’s redox properties [43]. Similarly, ZnO@Au core-shell particles enhance electron
transfer while maintaining the high surface area of ZnO nanorods, resulting in sensors with superior stability
in biological matrices [69]. These comparisons underscore the importance of material selection and

hybridization in achieving optimal sensor performance for specific applications.

Despite significant advancements, several challenges persist in the field of nanostructured electrochemical
sensors. Reproducibility remains a major concern, as slight variations in synthesis conditions can lead to
inconsistent nanostructure morphologies, compromising sensor performance. Scaling up production for
industrial applications is another hurdle, particularly for complex architectures like tetrapodal
nanostructures or MOF-derived hollow spheres. Additionally, long-term stability in biological or

environmental matrices is often understudied, with fouling and degradation limiting sensor lifetimes.

2.5. Scalable and Miniaturized Fabrication (PCB, Microcells, SPES)

The development of scalable and miniaturized electrochemical sensing platforms is a critical step in
advancing the practical applicability of nanostructured metal-oxide sensors. Traditional fabrication
techniques, while effective in laboratory settings, often face limitations in terms of cost, reproducibility,
and compatibility with mass production requirements. Recent efforts have therefore focused on integrating
nanostructured electrodes into scalable and portable systems, such as printed circuit boards (PCBSs),
microfluidic cells, and screen-printed electrodes (SPES). These platforms not only enable the production of
compact and robust sensor systems but also facilitate the simultaneous detection of multiple analytes in
complex or low-volume samples. A notable example is the use of industrial-standard PCBs as disposable
electrodes for DNA biosensing, which leverages the low-cost and high-throughput manufacturing

capabilities of the electronics industry to create near-zero-cost electrochemical sensors [71].

In the study by Toldra et al. [71], PCBs were repurposed as functional electrodes by modifying their surface
chemistry through gold electroplating, enabling the immobilization of thiolated DNA capture probes. The
resulting sensors were integrated with a custom-designed, open-source, and portable potentiostat,
demonstrating the feasibility of low-cost, scalable, and miniaturized electrochemical detection systems. The
use of PCBs as a substrate not only ensures high reproducibility in electrode fabrication but also allows for
the integration of multiple functional layers, such as microfluidics, sensors, and electronics, into a single
device. This approach aligns well with the broader goal of creating lab-on-a-chip systems that are both cost-

effective and suitable for point-of-care applications [72] [73].

The integration of PCB-based sensors with portable electronics represents a significant advancement in the
field of electrochemical sensing. The open-source potentiostat developed in this study was designed to be

low-cost, compact, and capable of performing common electrochemical techniques such as cyclic
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voltammetry (CV), chronoamperometry (CA), and square-wave voltammetry (SWV) [71]. With a potential
range of —2.9 to +0.4 V and a current range of —20 to +10 pA, the potentiostat is well-suited for on-site
analysis, particularly in resource-limited settings. The system's low power consumption (50 mW) and
compatibility with USB interfaces make it highly adaptable for field deployment. Furthermore, the modular
design of the potentiostat allows for future enhancements, such as the inclusion of battery power and

wireless communication, which would further improve its portability and usability [71] [74].

Microfluidic integration is another key aspect of scalable and miniaturized electrochemical platforms. The
study demonstrated the potential of PCBs to support microfluidic systems by utilizing epoxy-based solder
masks as liquid barriers, thereby enabling the precise control of sample flow and reagent delivery [71]. This
is particularly important for applications requiring high-throughput or in situ analysis, where the ability to
manage small volumes and prevent cross-contamination is crucial. The integration of microfluidics with
PCB-based electrodes not only enhances the analytical performance of the sensor but also facilitates the

automation of detection processes, reducing the need for manual intervention [72].

Screen-printed electrodes (SPEs) have become a fundamental technology in the advancement of portable,
cost-effective, and highly reproducible electrochemical sensors [75]. Their fabrication through thick-film
deposition on plastic or ceramic substrates allows for straightforward, economical, and rapid on-site
analysis with exceptional reproducibility, sensitivity, and accuracy [76]. The scalability of SPE production
makes them particularly well-suited for applications requiring disposable sensors, such as point-of-care
diagnostics, environmental monitoring, and food safety testing [76]. Their adaptability stems from the
ability to fabricate them using various conductive materials—including gold, silver, platinum, and carbon—

and to enhance their electrochemical performance through nanomaterial modifications [77].

A major advantage of SPEs is their seamless integration with miniaturized electrochemical systems. Unlike
conventional glassy carbon or platinum electrodes, SPEs can be effortlessly incorporated into microfluidic
devices, enabling precise control over sample volumes and reagent delivery [78]. Their planar design allows
for straightforward functionalization with recognition elements—such as enzymes, DNA probes, or
antibodies—uvia techniques like drop-casting, electrodeposition, or ink mixing [79]. This versatility has
paved the way for disposable biosensors capable of detecting a broad spectrum of analytes, including

hydrogen peroxide (H202), heavy metals, and biomolecules [80] [81].

The combination of SPEs with portable potentiostats further enhances their utility for field applications.
Modern SPE-based systems often feature compact, open-source potentiostats capable of performing
techniques like cyclic voltammetry (CV), chronoamperometry (CA), and square-wave voltammetry (SWV)
[75]. These devices are engineered for low cost, energy efficiency, and wireless connectivity, making them
ideal for remote sensing and real-time monitoring [82]. Additionally, integrating SPEs with microfluidic
channels (e.g., paper-based or polymer-based) enables automated sample processing, reducing manual

handling and improving assay consistency [83].
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However, ensuring batch-to-batch reproducibility remains a challenge, particularly when modifying SPEs
with nanomaterials. Electrochemical pretreatment methods, such as cyclic voltammetric conditioning or
potential stepping, are frequently employed to activate the electrode surface and optimize electron transfer
Kinetics [84] [85]. Furthermore, the incorporation of conductive inks—containing materials like graphene,
carbon nanotubes, or metal nanoparticles (e.g., gold, platinum)—can significantly enhance sensitivity and
stability [86] [87]. The composition of these inks, including conductive particles, binders, and solvents,

critically influences the electrochemical performance of the resulting electrodes [81] [88].

Despite their benefits, SPEs are currently constrained to planar substrates, limiting their use in non-flat
geometries. Future advancements in flexible electronics and 3D printing may mitigate this restriction by
enabling the development of conformal and wearable sensors [78]. Continued innovation in SPE-based
platforms, coupled with progress in nanomaterial modifications and portable electronics, holds significant

potential for expanding electrochemical sensing applications in both laboratory and field settings.

The incorporation of metal oxide nanostructures into scalable and miniaturized electrochemical
platforms—such as PCB-based sensors, microfluidic cells, and SPEs—marks a significant advancement
toward practical, field-deployable sensing systems. This chapter demonstrates how these technologies
address traditional constraints in cost, reproducibility, and portability, facilitating real-world applications
in environmental diagnostics and plant stress monitoring. By utilizing low-cost fabrication methods and
open-source electronics, these platforms enable high-throughput, selective, and sensitive analyte detection,
particularly in complex matrices like plant extracts. Future research should focus on refining nanomaterial
integration with these scalable systems, addressing challenges such as long-term stability in harsh

environments and further miniaturization for wearable or in vivo applications.

2.6. H20: Detection in Plant and Complex Matrices for Oxidative Stress
Monitoring

Hydrogen peroxide (H20-) is a pivotal plant signaling molecule and oxidative stress biomarker, playing
dual roles in cellular regulation and damage under abiotic and biotic stresses [89]. Its real-time, in situ
detection in plants is critical for understanding stress responses, optimizing agricultural practices, and
developing early warning systems for crop health. Electrochemical sensors have emerged as a promising
alternative to traditional analytical methods (e.g., fluorescence-based assays) due to their portability, cost-

effectiveness, and compatibility with complex biological matrices.

The choice of electrode material and modification strategies significantly influences sensor performance.
Platinum (Pt) has been widely used due to its high catalytic activity toward H.O: reduction and oxidation.
A dual-functional Pt disk microelectrode was employed to detect H.O. in Agave tequilana leaves after

bacterial treatment, revealing dynamic changes in H.O: release during pathogen colonization [90].
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However, the high cost of Pt electrodes limits their scalability, necessitating the exploration of alternative
materials. Stainless steel (SS) wires, modified with electrodeposited gold nanoparticles (AuNPSs), have been
successfully used for in situ H»O. monitoring in tomato leaf veins under salinity stress. The AuNP
modification enhanced electron transfer kinetics, improving sensitivity and selectivity while maintaining

low fabrication costs [91].

Nanomaterial-based modifications further enhance sensor performance. Palladium nanoparticles (PANPS)
and carbon nanomaterials (e.g., reduced graphene oxide, MWCNTS) have been integrated into glassy
carbon electrodes (GCEs) to detect H.O. in Arabidopsis leaves under salt stress [92]. Similarly,
polyoxometalate-modified electrodes demonstrated improved sensitivity and stability for H.O- detection in
plant extracts, offering a non-enzymatic alternative to traditional enzymatic sensors [93]. These
modifications exploit the high surface area and catalytic properties of nanomaterials to lower detection

limits and enhance response times.

Plant tissues present unique challenges for electrochemical sensing, including low analyte concentrations,
matrix interference, and physical barriers to electrode insertion. Carbon fiber electrodes, while sensitive,
struggle with mechanical resilience, making SS wires a more practical alternative for penetrating plant
tissues [94]. Paper-based analytical devices (PADs) coupled with AuNP-modified indium tin oxide (ITO)
electrodes have been used to detect H-0: in tomato leaves infected with Botrytis cinerea, demonstrating the
feasibility of minimally invasive sampling [91]. Additionally, 3D-printed hollow microarrays integrated
with screen-printed electrodes (SPEs) facilitated H2O- extraction and detection in leaves, addressing issues

of electrode size and sample access [95].

Selectivity remains a critical challenge, as plant extracts contain numerous redox-active species (e.g.,
ascorbic acid, glucose, citric acid). The SS electrode modified with carbon cement and MWCNTSs exhibited
selective H20: detection in tomato leaf veins, ignoring interferents like malic acid and jasmonic acid [92].
However, further optimization is needed to mitigate cross-reactivity in complex matrices. Enzymatic
sensors, such as horseradish peroxidase (HRP)-modified electrodes, offer high selectivity but suffer from
enzyme degradation and limited stability [96]. Non-enzymatic sensors, leveraging metal oxide
nanoparticles (e.g., Co3O4, NiO) or conductive polymers, present a more robust alternative for long-term

monitoring.

The integration of electrochemical sensors with automated measurement systems could enable real-time
data analysis and automated stress detection in agricultural settings. Flexible sensors, based on conductive
polymers or nanomaterial-coated textiles, hold promise for non-invasive, long-term monitoring of plant
health. Additionally, the development of multi-analyte sensors capable of detecting H.O- alongside other
stress-related molecules (e.g., nitric oxide, salicylic acid) would provide a more comprehensive

understanding of plant stress responses.
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Standardizing sensor fabrication and validation protocols is essential for translating laboratory successes
into practical agricultural tools. The miniaturization of electrochemical sensors, coupled with advancements
in microfabrication (e.g., PCB-based chips, droplet-based microcells), could facilitate their deployment in
field settings. Furthermore, the use of machine learning algorithms to interpret electrochemical signals

could enhance sensor accuracy and adaptability to varying environmental conditions.

In summary, electrochemical sensors offer a versatile platform for H-O- detection in plants, with significant
potential for advancing precision agriculture and environmental monitoring. Addressing challenges in
selectivity, scalability, and real-world applicability will be key to realizing their full potential in plant stress

research.
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3. Synthesis and Morphological Characterization of Metal

Oxide Nanostructures

3.1. Laser-assisted and Hydrothermal Synthesis of ZnO Nanoneedles with
Tailored Morphology

Zinc oxide (ZnO) is a versatile semiconductor material that is widely used in optoelectronic devices,
sensors, and catalytic applications. Among its various nanostructural forms, ZnO nanoneedles have
attracted significant attention due to their high surface-to-volume ratio and unique physical and chemical
properties. The controlled synthesis of ZnO nanoneedles with tailored morphology is essential for
optimizing their performance in specific applications. Two prominent methods for synthesizing ZnO
nanoneedles are the hydrothermal method and laser-assisted synthesis.

Hydrothermal synthesis is a widely adopted technique for the fabrication of ZnO nanostructures [2]. It
involves the reaction of metal precursors in a water-based solution under elevated temperature and pressure.
This method facilitates the growth of uniform and well-aligned ZnO nanoneedles due to its low-
temperature, solvent-based, and scalable nature. In the context of the hydrothermal approach, the growth
of ZnO nanorods and nanoneedles can be influenced by various parameters such as pH, precursor
concentration, temperature, and the presence of seed layers. Hydrothermal synthesis was employed in this
study to fabricate ZnO nanostructures from an equimolar solution of Zn(NOs): and
Hexamethylenetetramine (HMTA) (0.025 M and 0.05 M, respectively) [2]. The synthesis was carried out
in a programmable oven at 90 °C for 1.5 hours, resulting in the formation of well-aligned ZnO nanoneedles
on pre-deposited ZnO seed layers. The seed layers were applied via drop-casting of a 25 mM zinc acetate

solution in ethanol, followed by thermal annealing at 350 °C for 30 minutes.
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Figure 6. Basic process of hydrothermal synthesis [2].

The hydrothermal process was initiated by placing the substrate with the pre-deposited ZnO seed layer into
a reaction vessel containing the solution of Zn(NOs). and HMTA [2]. The vessel was then sealed and placed
in the oven, where it was heated to 90 °C for the duration of the reaction (Figure 6). The elevated
temperature promotes the decomposition of HMTA, releasing ammonia (NHs) and increasing the pH of the

solution. This leads to the formation of OH™ ions, which are critical for the nucleation and growth of ZnO

32



nanostructures. The increased pH environment accelerates the reaction, allowing the nanostructures to grow
perpendicularly on the seed layer in a well-ordered and uniform manner. After the growth process, the
samples were rinsed with distilled water and either air-dried or sonicated to remove any unwanted
nanostructures that may have formed in non-targeted areas. This method not only ensures high-quality ZnO
nanostructures but also offers the advantage of being a low-temperature and scalable technique suitable for

various applications such as sensors and electrode fabrication.

The zinc acetate solution was applied to the substrate via drop-casting. In this process, a 25 mM zinc acetate
solution in ethanol was deposited onto the surface of the substrate. To investigate the effect of seed layer
uniformity on nanostructure growth, the application was conducted under two different thermal conditions:
(1) on a room-temperature substrate, and (2) on a preheated substrate at 100 °C. Scanning electron
microscopy (SEM) analysis revealed a significant difference in the resulting nanostructural morphology
(Figure 7). On room-temperature substrates, the seed layer exhibited a ring-like pattern due to the “coffee
stain” effect [97], which led to heterogeneous ZnO nanostructure growth—dense, vertically aligned
nanoneedles along the periphery and sparse, 3D nano-urchin-like formations in the center. In contrast,
preheating the substrate effectively suppressed thermocapillary convection, promoting a more uniform
evaporation of the solvent and, consequently, a homogeneous distribution of seed particles. This, in turn,
resulted in a more even and uniform growth of nanoneedles across the surface, as evidenced by the SEM

images.
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Figure 7. Analysis of the “cofee stain” efect, where (a), (b), and (c) nanostructures were obtained by applying ZnO precursors
on a room-temperature substrate, and (d), (€), and (f) on a pre-heated substrate [2]. Hydrothermal synthesis was carried out in
0.025 M Zn(NO3)2 and 0.05 M HMTA aqueous solutions at 90 °C for 1.5 h. (g) Graphic illustration of the cofee stain efect
formation process [97].
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To further enhance selectivity and minimize parasitic nanostructure growth in non-seeded areas, a
protective glass screen was employed during the hydrothermal process. The screen was positioned at a 2—
3 mm gap from the substrate surface. The use of the protective screen significantly reduced the deposition
of unintended nanostructures on non-seeded regions. Specifically, samples grown without a screen
exhibited noticeable nanostructure growth in the interdroplet regions, whereas those grown under the screen
showed negligible or no nanostructure growth outside the targeted area. This result was corroborated by
multiple repetitions of the experiment under identical hydrothermal conditions, confirming the

effectiveness of the protective screen in improving the selectivity and quality of the nanostructured coatings

[2].

In addition to the application of protective screens, the influence of laser-assisted selective thermal
decomposition of zinc acetate was explored as an alternative method to create patterned seed layers [1]. A
532 nm laser with a power of 60 mW and a scan speed of 55 mm/min was used to irradiate a spin-coated
zinc acetate layer deposited on a Cr-coated substrate Figure 8. The laser-induced thermal decomposition
selectively converted zinc acetate into ZnO seeds along the irradiated trajectory, enabling the formation of
patterned nanostructures after subsequent hydrothermal growth. SEM analysis confirmed that the laser
method produced well-defined, micron-scale ZnO nanoneedle patterns with sharp boundaries and high
fidelity to the laser path [1]. Notably, the morphology of the nanostructures obtained via laser-assisted
seeding was indistinguishable from those obtained using furnace-annealed seed layers, as confirmed by
XRD and EDS analysis. Both techniques yielded ZnO nanostructures with high crystallinity and no

secondary phases [2].
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Figure 8. Schematic representation of the setup for laser-induced hydrothermal synthesis [1].

To further test the reproducibility and scalability of the laser-assisted method, multiple samples with

varying line widths were produced by adjusting the laser power between 50 and 160 mW. The results

demonstrated a direct correlation between laser power and the width of the seeded lines, with higher power

leading to wider lines due to increased thermal diffusion in the metal layer. However, the morphology of

the resulting nanostructures remained consistent across all samples, indicating that the laser-assisted
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method does not affect the structural quality of the ZnO nanostructures beyond the initial seed layer
formation. Importantly, post-growth ultrasonic treatment effectively removed parasitic nanostructures
formed in unirradiated regions, although some residual nanostructures were observed in cases where the Cr

substrate provided unintended nucleation sites [1].

Further incorporating the data from the laser-induced hydrothermal synthesis study, it becomes evident that
the manipulation of external thermal stimuli—particularly through localized laser irradiation—can
significantly refine the morphology and spatial distribution of ZnO nanostructures. When equimolar
solutions of Zn(NOs). and HMTA are exposed to laser heating, the resulting microstructures exhibit a
pronounced dependence on both laser power and exposure duration. At 50 mW and 120 seconds, for
instance, the synthesis yields well-defined microrods with a relatively uniform height and diameter, but
increasing the laser power to 80—100 mW while maintaining the same time leads to greater height variation
(Figure 10) and the emergence of two distinct growth regions: a central high-area and a surrounding low-
area (Figure 11). This dual-regime growth is attributed to the radial temperature gradient created by the
laser spot, where the central zone experiences more intense heating, accelerating growth kinetics and
promoting taller nanostructures [1]. Such insights highlight the importance of laser parameters in
determining not only the size but also the spatial uniformity of the microstructures, offering a powerful tool
for selective patterning in advanced applications.

Moreover, the introduction of polyethyleneimine (PEI) into the synthesis solution dramatically alters the
growth dynamics. PEI acts as a capping agent that preferentially interacts with specific ZnO crystal facets,
thereby directing anisotropic growth and promoting longer, more elongated nanorods. Specifically, in
experiments with 0.20 M PEI, the addition significantly reduces the height variation among microstructures
and accelerates their growth, leading to a more consistent length across the irradiated area. However, this
enhanced growth rate comes with trade-offs: the vertical alignment of the microstructures is compromised,
and parasitic structures begin to form outside the intended growth region, blurring the boundary between
patterned and unpatterned areas. These findings underscore the complex interplay between surfactant-
assisted growth and spatial control, suggesting that while PEI can be beneficial for achieving longer
microrods, its use must be carefully balanced with other parameters to maintain structural fidelity and

minimize unwanted deposition.
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Figure 9. The effect of precursor concentration on ZnO microstructures. A) 0.0125 M zinc acetate; b) 0.2M zinc acetate [1].

Finally, the study also revealed that while higher reagent concentrations (e.g., 0.2M) can lead to larger
nanostructures, they often do so at the expense of morphological consistency (Figure 9). The increased
precursor availability leads to rapid nucleation and growth, but the high density of adjacent nanostructures
inhibits surface diffusion, preventing the formation of the ideal hexagonal prisms. Instead, the
nanostructures adopt a needle-like or agglomerated morphology due to the “hit and stick” mechanism of
precursor deposition [1]. This phenomenon aligns with the observed effects in the furnace-annealed seed
layer approach, where higher zinc acetate concentrations in the seeding solution led to denser but less
uniform nanoneedle arrays. Therefore, while higher concentrations may be desirable for certain applications
requiring larger structures, they necessitate careful optimization of other parameters—such as laser power

and irradiation time—to achieve the desired balance between growth rate and structural regularity.

Finally, the electrochemical deposition method was assessed for its ability to selectively coat metal
electrodes with ZnO nanostructures. Using a 0.005 M Zn(NOs)20.1 M NaNOs solution and a current
density of 90 pA/cm? at 80 °C, dense and uniform ZnO nanoneedles were selectively deposited on Cr-
coated electrodes without requiring a seed layer. The interelectrode spaces remained free of nanostructures,
demonstrating the method’s inherent selectivity. SEM imaging confirmed the high density and uniformity
of the nanoneedles, with no observable defects or secondary phases detected via EDS and XRD analysis.
The method’s precision, speed, and ability to produce sub-micron-scale features make it particularly

suitable for applications where high-resolution and area-selective nanostructured coatings are required.
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Figure 10. The effect of laser power and exposure time on ZnO structure size. A, B) The diameters of the synthesised rods
depending on the incident beam power. C, D) The diameters of the synthesised rods depending on the synthesis time.  [1].

In summary, the experimental results demonstrate that hydrothermal synthesis can be effectively modified
through the use of protective screens, laser-assisted patterning, and electrochemical deposition to achieve
high-quality, area-selective ZnO nanostructured coatings. These techniques offer valuable strategies for
tailoring nanostructure morphology and growth selectivity, with direct applicability in sensor fabrication,

optoelectronics, and biosensing technologies.
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Figure 11. Samples of laser-induced hydrothermally synthesized ZnO oxide microstructures.
A) single dot, B) continuous line [1].

Another critical factor influencing the morphology and alignment of ZnO nanostructures is the initial seed
layer. In the context of laser-assisted hydrothermal synthesis, the study revealed that the use of a dense,
uniformly distributed seed layer—such as a 10 nm thick magnetron-sputtered ZnO film—plays a central
role in promoting vertical alignment through competitive growth. In such cases, nanostructures oriented
along the (0001) crystallographic axis outcompete those growing at oblique angles due to the energetic
favorability of vertical growth. Conversely, in regions with sparse or non-uniform seed distributions,
nanostructures exhibit lateral growth tendencies, leading to the formation of urchin-like or pyramidal
morphologies. This highlights the importance of seed layer quality in hydrothermal processes: not only
does it dictate the initial nucleation sites, but it also governs the subsequent growth direction and uniformity.
These observations are consistent with the controlled seed layer application described in the study, where
preheating substrates prior to zinc acetate deposition suppressed convective effects and led to a more

homogeneous seed distribution, ultimately enhancing the uniformity of the resulting nanoneedles.

The wettability dynamics of ZnO nanostructured surfaces are closely tied to their morphology, size, and
surface coverage [9]. According to the study, nanostructured ZnO thin films exhibit a wide range of wetting
behaviors, from highly hydrophobic to distinctly hydrophilic. For instance, ZnO nanoneedles, characterized
by a low surface coverage of approximately 23%, displayed a very high initial water contact angle (WCA)
of 127°, which decreased to 70° after 10 minutes [9]. This behavior is attributed to the needle-like shape
and low surface coverage that promote the formation of an air-trapping "Fakir" or "lotus™ surface, consistent
with the Cassie—Baxter wetting regime [98]. In contrast, thick nanorods with a high surface coverage (87%)
showed a marked hydrophilic behavior, with a WCA of only 19° at the onset of the experiment, dropping
further to 7.5° after 10 minutes, indicating a transition to the Wenzel regime where the liquid fully

penetrates the nanostructure gaps.
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The nanoplate morphology, with a relatively high surface coverage and an increased area of metastable
[0002] planes, demonstrated even more pronounced hydrophilic characteristics, with an initial WCA of 12°
that reduced to 3° within 10 minutes. This result highlights the role of the dominant (0002) plane in
enhancing surface hydrophilicity. ZnO nanotubes, despite having a moderate surface coverage (40%), also
showed strong hydrophilicity with an initial WCA of 40°, which decreased to 17° after 10 minutes. The
enhanced wettability is likely due to a high density of active adsorption sites on the inner walls of the

nanotubes, created during the etching process.

The study further utilized electrochemical impedance spectroscopy (EIS) to track wetting dynamics in real
time [9]. The saturation time, defined as the moment when all nanostructure voids are fully wetted, varied
significantly between morphologies. Hydrophobic surfaces, such as hanoneedles and thin rods, required 7—
9 minutes to reach saturation, while hydrophilic surfaces, such as thick rods and nanoplates, achieved full
wetting in just 2-4 minutes. EIS provided detailed insights into the transition from the Cassie—Baxter to the
Wenzel wetting model, with the impedance measurements reflecting the progressive filling of nanostructure
voids by water. These findings underscore the importance of considering nanostructure morphology in the

design of electrochemical and optical sensors, where complete surface wetting is essential for optimal

performance.
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Figure 12. Schematic illustration of (a) Cassie—Baxter and (b) Wenzel regimes of nanostructure wettability. (c) Characterization
of water permeation progress by relative change of the impendance module |Z| versus time for diferent ZnO nanostructure
morphologies at 280 kHz [9].
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3.2. Synthesis and Morphological Characterization of Copper Oxide
Nanostructures

Copper oxide (CuQO) nanostructures have been synthesized using two different methods: a one-step
chemical hydrothermal oxidation route and thermal oxidation [3]. These methods produce nanostructured
CuO films on copper wire substrates, which exhibit high homogeneity, adhesion, and electrochemical
sensitivity. The resulting nanostructures were characterized using field-emission scanning electron
microscopy (FESEM), energy-dispersive spectroscopy (EDS), and X-ray diffraction (XRD) to analyze their
morphology, composition, and crystallinity.

The hydrothermal synthesis method was employed to create nanostructured CuO coatings on copper wire
substrates. This method involved the immersion of copper wire in a solution composed of 10 mL of 10 M
NaOH, 5 mL of 1 M (NHa4)2S20s, and 26 mL of distilled water. The wires were immersed in the solution
and placed in a heat-resistant glass beaker inside an oven preheated to 90 °C for 3 hours. The process was
followed by thorough rinsing with distilled water and drying at 90 °C for 3 hours. The hydrothermal growth
of CuO nanostructures followed a series of chemical reactions [3]:

Cu + 2 NaOH + (NH,),S,05 = Cu(OH), + Na,S0, + (NH,),S0, (10)
Cu(OH), + 20H™ — [Cu(OH),]*~ (11)
[Cu(OH),)?>~ = CuO + 20H™ + H,0 (12)

At a higher concentration of NaOH (10-15 M), the dissolution—secondary precipitation mechanism
activates, which involves the formation of Cu(OH): and its reaction with OH™ ions to form the complex
[Cu(OH)4]*". These complex ions then decompose to CuO, releasing hydroxyl ions and water. The resulting
nanostructures on the copper wire exhibited a dense, uniform layer of CuO nanopetals, with 3D flower-like

formations (Figure 13 A).

The CuO nanostructures formed via hydrothermal oxidation demonstrated excellent adhesion to the copper
surface and mechanical stability during post-processing. The surface morphology showed a high degree of

uniformity and a large surface area due to the porous and hierarchical arrangement of the nanostructures.

In comparison, the CuO film obtained via thermal oxidation was prepared by annealing copper wire in an
oxygen atmosphere at 500 °C for 30 minutes. The process resulted in a polycrystalline, homogeneous CuO
film composed of irregularly shaped grains. However, this film exhibited poor adhesion to the substrate

and was mechanically less stable than the hydrothermally synthesized nanostructures.

Field emission scanning electron microscopy (FESEM) was used to analyze the surface morphology of the
CuO nanostructures. The results showed a dense and uniform CuO layer composed of nanopetals
approximately several nanometers thick. The nanostructures formed micrometer-sized 3D flower-like

formations, which contributed to an increased surface area and enhanced electrochemical activity [3].
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X-ray diffraction (XRD) analysis confirmed the high crystallinity of the CuO nanostructures. The XRD
pattern showed the presence of only crystalline CuO phases, indicating high purity with no extraneous
inclusions. The diffraction peaks were consistent with the CuO (tenorite) lattice, with dominant orientations
corresponding to the (002) and (111) planes [3]. The XRD pattern for the hydrothermally synthesized CuO
film displayed a higher degree of crystallinity compared to the thermally oxidized CuO film.

The influence of the hydrothermal synthesis time on the morphology and electrochemical performance of
the CuO nanostructures was studied by varying the synthesis duration to 1 h, 3 h, and 6 h. FESEM images
revealed that [3]:

e 1 hofsynthesis produced nanopetals with greater thickness and lower height, resulting in a reduced
active surface area and sensitivity.

e 3 h of synthesis (the optimal time) produced nanostructures with the most uniform and densely
packed morphology, leading to the highest electrochemical sensitivity.

e 6 h of synthesis caused the nanostructures to aggregate and form dense spherical formations, which
decreased the accessible surface area and electrochemical activity.

The optimal synthesis time of 3 h was determined to provide the best balance of morphology, surface area,
and electrochemical sensitivity for H.O. detection. Energy-dispersive spectroscopy (EDS) confirmed the
chemical purity of the CuO nanostructures. The EDS microanalysis showed that the samples consisted of
58.96 atom % Cu and 41.04 atom % O, with no detectable foreign impurities, confirming the high quality
of the synthesized CuO nanostructures.
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Figure 13. The synthesized CuO nanostructures. A) Nanopetals arranged in flower-like formations; B) Uniform nanopetalpayer
inbetween flower-like formations; C)XRD pattern of synthesizedCuO film. [3]

The hydrothermally synthesized CuO nanostructures were compared to those obtained via thermal
oxidation. The results showed that the hydrothermal method produced more uniform and porous
nanostructures with a larger surface area, leading to superior electrochemical performance in terms of

sensitivity and selectivity for H-O. detection.
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3.3. Synthesis and Morphological Characterization of Cobalt Oxide
(Co0304) Nanostructures

Cobalt oxide (CosO4) nanostructures were synthesized using the hydrothermal method on iron wire
substrates [4]. The synthesis process was carefully controlled to produce nanostructures with desired
morphologies and functionalities. Two types of anions—chloride and acetate—were used as precursors to
study their influence on the morphology of the resulting nanostructures.

3.3.1. Chloride Anion-Assisted Synthesis

The synthesis began with iron wire (99.9% purity, 2 mm thickness) as the base substrate. The wire was first
treated with fine sandpaper and immersed in 0.1 M HCI to increase the surface roughness and improve the
adhesion of the nanostructures. An equimolar aqueous solution of 0.1 M CoCl.'6H.0 and 0.1 M
hexamethylenetetramine (CH4N20) was prepared in 80 mL of distilled water. The solution had a reddish-

violet color and was stirred until the solid reagents dissolved completely.

The formation of CosO4 nanostructures involved the following key chemical reactions [4]:

CoCl, - Co*t +2Cl” (13)
CO(NH,), + 2 H,0 = 2 NH; + CO, 1 (14)
NH; + H,0 - NH,* + OH~ (15)
Co?* + 20H~ - Co(OH), (16)
3Co(0OH), —» Co30, + H,0 + H, 1 17)

The pretreated iron wire was immersed in the growth solution and placed in a preheated oven. The
hydrothermal growth occurred for 5 hours at 95°C, resulting in the formation of a dull pink Co(OH)- coating
on the wire. The growth process was followed by thermal decomposition at 450°C for 1 hour to convert

Co(OH): into black, homogeneous CosO4 nanostructures.
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3.3.2. Acetate Anion-Assisted Synthesis

The synthesis was repeated under the same conditions as the chloride precursor, but 0.1 M
(CH5COO0)2Co-4H-0 was used instead of CoCl2-6H20 [4].

The presence of acetate anions significantly altered the morphology of the CosO4 nanostructures. Instead
of forming long nanofibers as in the chloride-assisted case, the acetate precursor led to the formation of
thin, petal-like nanostructures assembled into honeycomb-like agglomerates. The honeycombs formed

using the acetate anion were smaller and less uniform compared to those formed with the chloride precursor.

Acetate ions acted as capping agents during the growth of the nanostructures. These ions selectively
attached to specific crystallographic planes, thereby influencing the growth direction and morphology. The
blocking of several crystallographic planes by acetate ions resulted in the formation of 2D-like

nanostructures with reduced crystallinity [4].

The synthesized CosO4 nanostructures were characterized using Scanning Electron Microscopy (SEM) and

X-ray Diffraction (XRD) to study their surface morphology and crystalline structure.

3.3.3. The comparison of Chloride and Acetate anoin-assisted sytnhesized
nanostructures

SEM images of Chloride Anion-Assisted CosOs revealed the formation of long, uniform nanofibers
assembled into honeycomb-like structures. The nanofibers were densely packed and exhibited excellent
adhesion to the iron substrate. The nanofibers were observed to be several micrometers in length and

exhibited a high degree of uniformity in size and shape.

SEM images of Acetate Anion-Assisted Co0s;0s showed petal-like nanostructures assembled into
honeycomb-like agglomerates (Figure 14). These structures were significantly smaller and less uniform
compared to the nanofiber-based morphology. The petal-like nanostructures exhibited poor adhesion and

were prone to aggregation, resulting in a reduction in the active surface area.

XRD patterns confirmed the formation of pure CosOs without any extraneous phase inclusions. The
diffraction peaks corresponded to the crystallographic planes of CosO4, indicating its high crystallinity. The

dominant orientation was perpendicular to the (311) planes.

The intensity of the diffraction peaks was higher for the chloride precursor samples, suggesting a higher
degree of crystallinity compared to the acetate-assisted samples (Figure 15). The lower peak intensity
observed in the acetate-assisted samples was attributed to their amorphous nature and the blocking of active

crystallographic planes by acetate ions.
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Figure 14. The study of the anion efect on the morphology of the CosO4 nanostructures. A, B) CozO4 nanostructures obtained
from the precursor of cobalt chloride and urea, C, D) CosO4 nanostructures obtained from the precursor of cobalt acetate and
urea [4].

EDS microanalysis confirmed the high chemical purity of the synthesized CosO4 samples. The composition
consisted predominantly of cobalt (47.22 at.%) and oxygen (52.78 at.%) [4]. The absence of impurities

confirmed the successful synthesis of pure Cos;O4 nanostructures, suitable for electrochemical applications.

The honeycomb-like nanofiber morphology obtained with the chloride precursor was found to be highly
suitable for electrochemical sensing applications. The fibrous structure provided a large active surface area,

good adhesion, and enhanced electron charge transfer, which are critical for efficient H-O- detection.
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Figure 15. XRD pattern of synthesized CosO4 nanostructures [4].

In conclusion, the synthesis and morphological characterization of Co0s0s nanostructures reveal the
significant influence of the precursor anion on the resulting morphology. The chloride precursor yielded
highly sensitive and stable nanofiber structures ideal for electrochemical sensor applications, whereas the
acetate precursor produced nanostructures with reduced performance. These findings underscore the
importance of precursor selection in tailoring the morphology and functionality of nanostructures for

specific applications.
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3.4. Synthesis and Morphological Characterization of Nickel Oxide
Nanostructures

In this study, nickel oxide (NiO) nanostructures were synthesized using a hydrothermal method, offering a
cost-effective and controllable approach for producing nanostructures with well-defined morphologies [5].
The synthesis was carried out using a 0.1 M equimolar mixture of nickel nitrate hexahydrate
(Ni(NOs3)2:6H20) and hexamethylenetetramine (CsHi2N4) dissolved in 75 mL of distilled water. The iron
wire, serving as the substrate for nanostructure growth, was initially cut into 6 cm pieces, cleaned with
sandpaper, and treated with a weak hydrochloric acid solution for 2 minutes. This pretreatment modified
the wire's microstructure, increased surface roughness, and enhanced adhesion for the subsequent

deposition of nanostructures.

The hydrothermal reaction involved the dissolution of the nickel nitrate and hexamethylenetetramine
mixture under continuous stirring. The resulting greenish colloidal solution was transferred into a
borosilicate glass container, and the iron wires were immersed. The setup was then placed in an oven
preheated to 95 °C for 5 hours. During this time, a light green Ni(OH)2 precipitate formed due to the reaction

between Ni?* and OH ions. The reaction can be described using the following steps [5]:

Cg¢HyizNy + 6H,0 — 4 NHy + 6 HCHO (18)
NH; 4+ H,0 - NH,* + OH~ (19)
Ni%®* + 2 0H~ - Ni(OH), (20)

After hydrothermal treatment, the wires were washed several times with distilled water and subsequently
annealed at 450 °C for 3 hours. This thermal treatment decomposed Ni(OH): into NiO [5]:

Ni(OH), - NiO + H,0 (21)
This multi-step process ensured the formation of a uniform and stable NiO nanostructured coating on the

iron wires.

The morphological features of the synthesized NiO nanostructures were analyzed using Scanning Electron
Microscopy (SEM). The SEM images revealed a nanostructured coating consisting of a uniform and dense
layer of nanowalls, forming a porous labyrinthine structure. At higher magnifications, the surface was
observed to be covered with nanowalls that extended in multiple directions, creating a complex three-

dimensional architecture.

Additionally, spherical flower-like formations were observed atop the nanowall layer [5]. These formations
are composed of nanopetals and have a micrometer-scale structure. The presence of these spherical
agglomerates suggests the formation of second-generation nanostructures, where nucleation and growth
occur within the working solution volume. The influence of gravity was evident, as these structures were

deposited onto the first-generation layer of nanowalls, where they adhered and further developed.
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To investigate the crystal structure of the synthesized NiO nanostructures, X-ray diffraction (XRD) was
employed. The resulting XRD pattern revealed the crystalline phase of NiO. However, a prominent
amorphous background was also observed, likely attributed to the thinness of the nanostructures. Several

well-defined peaks with relatively high intensity were identified, confirming the crystalline nature of NiO.
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Figure 16. A) The synthesized NiO nanostructures; B) XRD spectrum of synthesized NiO coating on Fe substrate [5].

In addition to NiO, small inclusions of the Fe:Os crystalline phase were observed. These inclusions can be
attributed to the absence of nanostructure growth at the locations where the wire was attached in the
synthesis beaker. The annealing process applied to the iron wire itself also contributed to the presence of

these Fe.Os inclusions.

The XRD data provided valuable insights into the crystallinity and structural characteristics of the
synthesized NiO nanostructures. The presence of NiOOH species and the formation of oxyhydroxide
species (NiOOH) at relatively high applied potentials were critical for the electrocatalytic efficiency of the

NiO nanostructures in hydrogen peroxide (H20:) detection.

The hydrothermal synthesis method successfully produced NiO nanostructures with a unique combination
of wall-shaped nanowalls and spherical agglomerates. The SEM and XRD analyses confirmed the
formation of a uniform and dense NiO coating with a porous and labyrinthine structure, which is conducive
to enhancing the surface area and electrochemical performance of the sensor. The presence of NiOOH
species and the observed crystalline NiO phase were essential for the catalytic activity of the sensor,

particularly in the context of H-0O- detection in plant samples.

Overall, the morphological and structural characteristics of the synthesized NiO nanostructures laid a solid
foundation for their application in the development of a high-performance electrochemical sensor for

oxidative stress biomarker detection in rye seedlings under salt stress conditions.
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4. Cell Designs Utilized in Electrochemical Sensing
Studies

In the development and testing of various electrochemical sensors for the detection of analytes such as
hydrogen peroxide released due to stress in plant samples and glyphosate, several distinct electrochemical
cell designs were employed. These designs were tailored to accommodate the specific requirements of the
sensing application, including the type of electrode material, the nature of the analyte, and the need for

reproducibility and ease of sample handling.

4.1. Custom-Built Electrochemical Cell with Nanostructured Electrodes

A custom-built electrochemical cell was utilized in multiple studies [5] [6] [99] involving nanostructured
electrodes for the detection of hydrogen peroxide and other analytes. The cell was constructed using a glass
beaker housed within a temperature-regulated water bath and integrated with a magnetic stirrer to ensure

uniform mixing and consistent temperature (typically 25 °C).

The working electrode (WE) was a nanostructure coated wire electrode, fabricated through a two-step
process involving hydrothermal synthesis and thermal decomposition, as detailed in the synthesis section
(Page 32). The counter electrode (CE) was made of carbon, and the reference electrode (RE) was a Ag/AgCI

electrode.

To ensure consistent positioning and reproducibility across measurements, the cell featured a custom 3D-
printed ABS (acrylonitrile butadiene styrene) lid with a fixed height, designed to hold the working electrode
in place. A heat-shrink polymer was used to seal the wire electrode, exposing only the sensing area

(typically 1-2 ¢cm) to the analyte solution.

The lid also included a central hole for the addition of the analyte via micropipette and the integration of
additional equipment, such as a thermometer or pH meter during measurements. All electrochemical
measurements were conducted using the Zahner Zennium electrochemical workstation, allowing precise

control over parameters such as voltage, scan rate, and measurement duration.
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Figure 17. Schematic representation of utilized electrochemical measurement cell [99].

This design was particularly suitable for studying plant-based analytes such as barley and rye under stress
conditions, where the electrochemical response to H20: could be monitored with high sensitivity and
selectivity. Additionally, the design supported chronopotentiometric, cyclic voltammetry (CV), and
chronoamperometric measurements. The cell design facilitated both calibration and interference testing,
and the use of 70 mL of analyte per measurement allowed for sufficient statistical analysis.

4.2. Mass-Produced PCB Chip Electrochemical Cell

In other studies [100] [8], a mass-produced PCB (printed circuit board) chip was used as the electrochemical
cell, eliminating the need for a traditional beaker-based setup. The PCB chip featured eight gold-coated
copper electrodes arranged in a compact configuration, fabricated using the ENIG (Electroless Nickel

Immersion Gold) process on an FR-4 glass-reinforced epoxy laminate.

The PCB chip was designed to fit into a quick-change connector within the electrochemical cell, ensuring
easy and consistent electrode alignment. Each electrode had an individual copper track and a 150 x 125 um
exposed gold surface. The chip supported three-electrode configurations, with each electrode potentially
serving as a working, counter, or reference electrode. The tracks were covered with a protective dielectric

polymer, and the chip was designed to allow flexible electrode configurations.
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Figure 18. a) Mass-produced PCB chips with Au-coated electrodes. b) Chip electrode confguration. WE=working electrode,
CE=counter electrode, and RE=reference electrode. The diameter of the white ring is 1 mm [8].

Electrochemical measurements were performed using the Zahner Zennium workstation in square wave
voltammetry (SWV) mode. This chip-based cell was particularly suitable for high-throughput screening,
miniaturized sensors, and portable device development, and its modular and scalable nature made it ideal
for integration into lab-on-chip systems.

This setup was used for electrochemical detection in various sample matrices and allowed for the
replacement of electrodes before each measurement, ensuring sample-specific calibration and cross-
contamination-free operation. The integration of a temperature-regulated water bath and magnetic stirrer

was also maintained, depending on the specific requirements of the measurement protocol.

4.3. Miniaturized Droplet-Based Electrochemical Cell for Surface
Morphology Studies

In a study focused on the impact of surface morphology on wetting dynamics, a miniaturized droplet-based
electrochemical cell was used [9]. This design was particularly innovative for in situ electrochemical
impedance spectroscopy (EIS) measurements, where nanostructure-coated Cr electrodes served as both the

counter and working electrodes.

A 250 uL droplet of the target liquid was placed on the cell, and phase shift dependence on frequency was
measured immediately and repeated every minute for 10 minutes. The setup allowed for the investigation
of dynamic wetting behavior in response to surface structure, and an average of eight measurements was

taken at different spots on the sample.

51



Figure 19. Structure of the electrical measurement cell (left) and electrodes (right). The measurement cell consists of the
following parts: a corps (1), an interlayer (2) with push-in contacts (3), a sealing rubber mask (4) with replaceable plastic
cylinders (5). Sample (6) consists of four electrodes, which allow four independent analyte measurements to be performed
consistently [9].

This design was particularly suited for surface science and material studies, where the morphology of

nanostructured surfaces directly influenced electrochemical and interfacial properties.

Cell Electrode Measurement
Type Configuration Electrolyte | Technique Key Features Use Case
Fe/C0s0s | WE: Fe/Cos0s, CE: | 0.1 M NaOH | CV, ABS lid, magnetic stirrer, | H:0. in barley under
Wire Carbon, RE: | (pH 13) Chronoamperometry | temperature-controlled salt stress [6]
Ag/AgClI
Fe/NiO WE: Fe/NiO, CE: | Alkaline Ccv Pre-treatment  required, | H20: in rye under salf
Wire Carbon, RE: | Buffer cyclometric scanning stress [5]
Ag/AgCI
PCB 8 Au-coated Cu | Varies SWV Mass-produced, modular, | High-throughput
Chip electrodes flexible configuration screening [8]
PCB WE/CE on PCB, RE | Varies CV, EIS Replaceable, General-purpose
Electrode | separate standardized, quick- | electrochemical
change design analysis [100]
Droplet- | ZnO-coated Cr | Various EIS Miniaturized, 250 uL | Surface morphology
Based electrodes liquids droplet, dynamic | and wetting dynamics
measurement [9]

Table 1. List of electrochemical cells and electrode modifications used in this study.

These diverse electrochemical cell designs reflect the adaptability and versatility required in the

development and validation of electrochemical sensors for different analytes and sample types. Each design

was selected based on the specific analytical goals, including selectivity, sensitivity, reproducibility, and

compatibility with complex matrices such as plant extracts.
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5. Glyphosate Detection Using Electrochemical Sensors

Glyphosate, the most widely used herbicide globally, has raised significant concerns due to its potential
health risks, including respiratory malfunction, altered consciousness, neurotoxic effects, increased cancer
risk, and even death. Despite its widespread application in agriculture, detecting glyphosate in plant samples
and environmental matrices remains a challenge. Conventional detection techniques are often expensive,
time-consuming, and require complex instrumentation and extensive sample preparation. Moreover, many
modern analytical laboratories fail to detect glyphosate at low concentrations in food products, underscoring
the urgent need for a robust, cost-effective, and portable detection method.

This study presents a novel approach to glyphosate detection using electrochemical sensors based on mass-
produced printed circuit board (PCB) electrodes. The sensors rely on the principle of indirect glyphosate
detection, exploiting its ability to form water-soluble complexes with copper ions (Cu?*). This interaction
reduces the electrochemical activity of Cu?, which can be monitored using square wave voltammetry
(SWV) [8]. The method eliminates the need for sensor surface modification or enzyme-based recognition
systems, simplifying the detection process.

Figure 20. Glyphosate-copper complex [101].

The application of these sensors is particularly relevant in agricultural and environmental monitoring, where
on-site, real-time glyphosate detection is crucial. The proposed method is portable, scalable, and compatible
with automation, making it ideal for integration into field-deployable systems. Furthermore, the sensor’s
ability to distinguish between glyphosate-contaminated and uncontaminated plant juices, as demonstrated
through both electrochemical and molecular analyses, highlights its potential for monitoring glyphosate

uptake in crops.
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5.1. Experimental Procedures

The experimental procedures for glyphosate detection were designed to assess both the performance of the
electrochemical sensor and its practical applicability in real-world conditions. The study was conducted in
multiple phases [8]:

Synthetic Samples and Calibration

To evaluate the sensor's sensitivity and reproducibility, synthetic solutions of glyphosate were
prepared by dissolving the herbicide in 15 mmol/L Cu(NOs). solutions. A series of calibration
standards were prepared, covering a concentration range of 0 to 1.5 mmol/L. These solutions were

used to determine the sensor response under controlled conditions.
Plant Sample Preparation

To test the applicability of the sensor in real-world scenarios, 7-day-old rye plant seedlings were
treated with a 1:10 dilution of a commercial glyphosate-based herbicide (360 g/L as isopropylamine
salt) and allowed to grow for five additional days. Plant juice was extracted by crushing the plant
tissue and filtering the suspension through a coarse mesh. The filtered juice was then mixed with
highly concentrated Cu(NOs): to achieve a final concentration of 15 mmol/L Cu(NOs): in the
solution. Control plant samples (untreated with glyphosate) were processed in parallel for

comparison.
Electrochemical Sensor Preparation and Operation

Prior to use, the mass-produced PCB chips (Figure 18) were cleaned with ethanol and purged with
a nitrogen jet to remove any manufacturing residues or contaminants. Each chip was fabricated
using electroless nickel/immersion gold (ENIG) plating on an FR-4 glass-reinforced epoxy
laminate, resulting in a durable and chemically inert surface. The working surface of each electrode
was defined by a 150 x 125 um gold-coated area, and each chip contained eight individual

electrodes connected by copper tracks.

For electrochemical measurements, 10 uL of solution (either synthetic or plant juice supernatant) was
placed on the working area of the chip. In the case of plant juice samples, a 30-minute incubation period
was allowed before centrifugation to remove solid residues. 10 uL of the resulting supernatant was then

applied for SWV analysis.

The electrochemical measurements were conducted using a Zennium Electrochemical Workstation, with
the chip configured as a three-electrode system: working electrode (WE), counter electrode (CE), and
reference electrode (RE), all of which were integrated on the chip. Each sample was tested using a new chip

from the same production batch to ensure consistency and minimize variability.
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5.2. Data Analysis and Automation Potential

The voltammetric data collected from the workstation was used to generate square wave voltammetry
(SWV) curves, allowing the quantification of the sensor response to varying glyphosate concentrations.
The main peak amplitude, typically observed between 50-300 mV, corresponded to the reduction of Cu*
ions and showed a linear decrease in amplitude with increasing glyphosate concentrations up to 1.5 mmol/L,
after which the sensor became saturated [8].

The SWV peak amplitude was normalized to the maximum current observed in the control (O mmol/L
glyphosate) solution. This normalization enabled clear differentiation between glyphosate-contaminated
and uncontaminated samples, with glyphosate-treated plant juice showing 10% decrease in main peak
amplitude when compared to control samples.
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Figure 21. A) Averaged SWV curve for rye samples. B) The main-peak maximum from SWV versus glyphosate concentration. [8]

Based on the consistency and reproducibility of the SWV signals across multiple chips and concentrations,
automated detection protocols were developed. These algorithms utilized threshold-based classification,
enabling the system to classify samples as either contaminated or uncontaminated based on peak amplitude.
This high degree of reproducibility supports the integration of the sensor into automated field detection

systems.

5.3. Molecular Validation of Glyphosate Effects

To further validate the presence of glyphosate in treated plants and its potential genotoxic effects, genomic
DNA was extracted from 60 plant samples: 30 from glyphosate-treated rye seedlings and 30 from control
samples. DNA was isolated using a modified DNeasy Plant Mini Kit protocol, and RAPD (Random
Amplified Polymorphic DNA) analysis was performed using five selected primers (OPA-02, OPA-07,
OPA-11, OPD-18, and OPN-15) [8].

PCR products were separated using capillary electrophoresis (QIAxcel system), and the RAPD profiles

were analyzed for the presence or absence of DNA bands. The results showed significant differences in the
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DNA banding patterns between the control and glyphosate-treated groups. Specifically, 15 new bands
appeared, and 12 bands disappeared in the glyphosate-treated samples compared to the controls [8]. These

changes are indicative of genotoxic alterations, including point mutations, deletions, and strand breaks.

The RAPD findings corroborate the electrochemical results and confirm that glyphosate exposure leads to
detectable DNA changes in plants, reinforcing the validity of the sensor in identifying glyphosate-

contaminated plant material.

Discussion and Implications

The use of mass-produced PCB-based sensors for glyphosate detection demonstrates a highly effective,
low-cost, and scalable approach for monitoring herbicide use in agricultural settings. The indirect detection
mechanism based on Cu?* ion complexation with glyphosate eliminates the need for sensor modification or
expensive reagents. The SWV-based electrochemical method is sensitive, specific, and suitable for real-

time, on-site detection, even in small-volume plant juice samples.

The molecular validation using RAPD analysis further supports the electrochemical findings, confirming
that glyphosate uptake by plants leads to genetic alterations, and thus, the sensor can serve as a

biomonitoring tool in addition to a detection system.

This method provides a comprehensive framework for glyphosate detection and monitoring in agricultural
and environmental contexts, with clear implications for improving food safety, regulatory compliance, and

sustainable herbicide use.
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6. Electrochemical Sensors for Hydrogen Peroxide

Detection Using Metal Oxides

Hydrogen peroxide (H20:2) is a vital molecule in biological, environmental, and industrial systems, often
serving as an indicator of oxidative stress, a marker for disease detection, and a reagent for various
applications. The development of electrochemical sensors for H20O: detection has gained significant
attention due to their advantages of high sensitivity, rapid response, and feasibility for integration into
portable analytical devices. Among the materials investigated, metal oxides have emerged as promising
candidates for sensor fabrication due to their unigue electrochemical properties, structural tunability, and

catalytic activity.

This chapter explores the electrochemical detection of H20O: using various metal oxides, including cobalt
oxide (Co30s), copper oxide (CuO), and zinc oxide (ZnO). The approach adopted involves a systematic
experimental workflow: first, cyclic voltammetry (CV) is used to identify characteristic redox peaks that
are indicative of the electrochemical activity of the sensor; second, amperometric measurements quantify
the sensitivity of the sensor to H20-; and third, interference analysis assesses the selectivity of the sensor in

the presence of common interferents.

6.1. Cyclic Voltammetry for Electrochemical Hydrogen Peroxide
Detection

Cyclic voltammetry is the first step in evaluating the electrochemical behavior of the metal oxide-modified
electrodes. This technique helps identify the characteristic oxidation and reduction peaks that arise from
the interaction of H202 with the metal oxide surface. By varying the scan rates and concentrations of H202,
the redox properties of the sensor can be comprehensively understood, which is crucial for subsequent

amperometric and interference studies.

6.1.1. Cobalt Oxide (Cos04) Electrodes

The Co0s0. electrodes, prepared via hydrothermal synthesis (page 43), demonstrated excellent
electrochemical activity toward H20.. The CV measurements were conducted in a 0.1 M NaOH solution
containing H-O: concentrations ranging from 0.2 mM to 2 mM. The CV results revealed two distinct pairs
of redox peaks: anodic peaks at approximately -0.8 V (peak I) and -0.15 V (peak I1), and cathodic peaks at
around -1.23 V (peak I11) and 0.35 V (peak V).
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Figure 22. CV voltammograms of a nanostructured CosOs film derived from chloride anions. A) The dependence of
voltammogram on H202 concentration (scan rate = 100 mV/s), b) The dependence of voltammogram on scan rate.
Measurements were performed in 0.1 M NaOH buffer solution (pH = 13) [4].

In the absence of H:O:, these redox peaks were attributed to the reversible transitions between CosOa,
CoOOH, and CoOs.. The first redox pair (I/IIl) was associated with the transition between CosOs and
CoOOH, while the second redox pair (11/1V) corresponded to the further conversion between CoOOH and

Co0s.. These reactions can be described as follows [4] [6]:

C0;04 + OH™ + H:0 — 3CoOOH + & (22)
CoOOH + OH™ — C00s + H0 + & (23)

Upon the addition of H20:, the shape of the CV curve significantly changed. Notably, the oxidation peak
(1) and reduction peak (111) exhibited a marked increase in peak current. The peak (I11) current value showed
a linear relationship with the concentration of H.O: added. Additionally, peak (I) demonstrated a less
pronounced increase, and its position along the x-axis shifted with increasing H.O: concentration, reaching
-0.7 V at higher concentrations. Peaks (1) and (1) showed minimal changes over the entire concentration

range.

The electrocatalytic reaction of H20: on the CosOa electrode can be described by the following reaction [4]

[6]:

6CoOOH + H20: — 2Co0:04 + Oz + 4H.0 (24)

These findings highlight the exceptional electrochemical response of Cos:Oas electrodes to H0., as
evidenced by the significant changes in peak currents and the linear correlation between the current and

H-0: concentration.
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6.1.2. Copper Oxide (CuQ) Electrodes

The CuO electrodes, synthesized via a one-step chemical hydrothermal oxidation method (page 40),
exhibited remarkable electrochemical activity toward hydrogen peroxide (H20:). The cyclic voltammetry
(CV) measurements were carried out in a 0.1 M NaOH solution, with H.O. concentrations ranging from
0.1 mM to 5 mM. The CV curves revealed two distinct pairs of redox peaks: anodic peaks at approximately
-0.2 'V (peak I) and 0.1 V (peak Il), and cathodic peaks at around -0.7 V (peak I11) and -0.8 V (peak 1V) [3].
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Figure 23. CV voltammograms of a nanostructured CuO film. A) The dependence of voltammogram on H202 concentration, b)
The dependence of voltammogram on scan rate. Measurements were performed in 0.1 M NaOH buffer solution [3].

In the absence of H:0., these redox peaks were primarily attributed to the reversible redox transitions
involving copper species, such as Cu%Cu* and Cu'/Cu?". The first redox pair (peak I/peak III) was
associated with the transition from Cu® to Cu* and back, while the second redox pair (peak [I/peak 1V)
corresponded to the transition from Cu’ to Cu?". These transitions can be described by the following

simplified reactions [3]:

Cu® — Cu +e” (25)

Cu' — Cu** + e (26)
Upon the introduction of H>O: into the solution, the shape and magnitude of the CV peaks underwent
significant changes. Notably, the oxidation peak (peak 1) and the reduction peak (peak I11) showed a marked
increase in peak current as the concentration of H-O: increased. The current at peak III demonstrated a
linear correlation with the H-O: concentration over the studied range, indicating a strong electrochemical
response to the analyte. Peak | also exhibited an increase in current, although its position shifted with
increasing H.0: concentration, moving to approximately -0.1 V at higher concentrations. In contrast, peaks
II and IV showed minimal change across the entire range of H.O: concentrations tested, suggesting limited

involvement in the electrocatalytic process.

The catalytic reaction of H2O2 on the CuO electrode surface can be summarized by the following reaction
mechanism [3]:
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Cu** + H202 — Cu* + Oz + H.0 (27)

Cu"+OH — Cu* +e” (28)
These reactions indicate that the CuO surface acts as a redox mediator, cycling between Cu* and Cu?* states
during the decomposition of H20: into oxygen and water. This mechanism not only contributes to the high
electrochemical sensitivity observed but also underscores the stability and reusability of the CuO electrode

under continuous operation.

The CV results highlight the high electrochemical activity of CuO electrodes toward H20-, as evidenced
by the significant increase in peak current values and the linear dependence of current on H-O:

concentration.

6.1.3. Nickel Oxide (NiO) Electrodes

The NiO electrodes, fabricated via hydrothermal synthesis of wall-shaped nanostructures on iron wire
substrates (page 47), exhibited robust electrochemical activity toward hydrogen peroxide (H20:) [5]. Cyclic
voltammetry (CV) measurements were performed in a 0.1 M NaOH solution, with H>O: concentrations
varying between 100 uM and 2 mM. The CV curves revealed two well-defined redox peaks: an anodic
peak at approximately —0.4 V (peak I) and a cathodic peak at around —1.4 V (peak II). These peaks
corresponded to the reversible redox transitions of nickel species, specifically the Ni(lI)/Ni(lll) system,

involving Ni(OH). and NiOOH. These redox processes can be represented by the following reactions [5]:

Ni(OH), + OH- — NiOOH + Hz0 + ¢~ (30)
NiOOH + H.0 + e~ — Ni(OH), + OH (31)

In the absence of H20:, the CV responses were primarily governed by these Ni-based redox processes.
However, upon the introduction of H20- into the solution, a significant electrochemical response was
observed, particularly at the cathodic peak (—1.4 V), which demonstrated a linear dependence on H-O:
concentration. This peak, corresponding to the reduction of NIOOH to Ni(OH): in the presence of HzO-,
became the dominant feature in the catalytic oxidation process. The anodic peak at —0.4 V also showed a

noticeable increase in current, although it remained less responsive to H202 compared to the cathodic peak.
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Figure 24. A) CV graph of a nanostructured NiO nanowall-based electrode obtained in a 0.1 M NaOH supporting electrolyte
and in solutions containing H-O: in a concentration range of 100 uM to 2 mM. B) Dependence of the electrochemical response
of the NiO electrode on the scanning speed. Scanning was performed in a 0.1 M NaOH solution containing 2 mM H:O: [5].

The catalytic reaction of H-O. on the NiO electrode surface is summarized by the following reaction

mechanism [5]:

2NiOOH + H202 — 2Ni(OH)2 + 027 (32)

This mechanism indicates that the NiO surface functions as a redox mediator, cycling between Ni(ll) and
Ni(III) states during the decomposition of H20O: into oxygen and water. The ability of NiOOH to oxidize
H:0: efficiently at relatively high applied potentials, especially in alkaline conditions, contributes to the

sensor’s high electrocatalytic efficiency.

The CV results underscore the excellent electrochemical response of NiO electrodes to H20:. The cathodic
peak current at —1.4 V showed a strong linear correlation with the concentration of H.O: across the tested

range, demonstrating the sensor's sensitivity and reliability.

The electrochemical activity of the NiO electrode was further influenced by experimental parameters such
as pH, scan rate, and stirring speed. The optimal pH was determined to be 13 (0.1 M NaOH), where the
sensor achieved maximum sensitivity and peak definition. Increasing the scan rate led to a noticeable shift
in peak positions due to kinetic limitations, while a scan rate of 100 mV s was found to balance sensitivity
and signal stability. Additionally, the stirring speed was optimized to 1290 rpm, ensuring efficient mass

transfer of H20: to the electrode surface without compromising electrode integrity [5].

The sensor also demonstrated excellent long-term stability, retaining over 95% of its initial performance
after 30 days of storage. SEM analysis revealed that the nanostructured NiO surface retained its
morphological integrity after multiple uses, although some fusion of nanostructures occurred, leading to a
minor reduction in surface area and, consequently, a slight decrease in sensitivity after the 10th cycle. This
durability highlights the practicality of NiO electrodes for repeated measurements in real-world

applications, including plant stress monitoring.
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In summary, the NiO electrodes, with their wall-shaped nanostructures, offer a promising platform for the
electrochemical detection of H:O.. Their high sensitivity, broad linear range, low detection limit, and
excellent stability make them ideal candidates for real-time monitoring of oxidative stress in biological

systems, particularly in plant physiology and environmental sensing applications.

6.2. Sensitivity Analysis of Metal Oxide Electrodes for H.O. Detection

After characterizing the electrochemical behavior of the metal oxide electrodes using cyclic voltammetry,
amperometry was employed as the primary method to assess the sensitivity, linearity, and limit of detection
(LOD) of each electrode toward hydrogen peroxide (H20:). Amperometry is a well-suited technique for
this study due to its ability to provide real-time, quantitative current measurements in response to the analyte
concentration under constant potential conditions. It is particularly advantageous for sensor development
as it allows for the direct measurement of the electrochemical signal (current) produced by the oxidation or

reduction reaction at the working electrode, without the influence of scan rate or waveform.

The amperometric experiments were conducted at a fixed potential, typically chosen based on the redox
peak identified in the CV study for maximum sensitivity and minimal interference. The parameters
measured in these experiments included the steady-state current response of the electrode to varying
concentrations of H202, the linearity of the current—concentration relationship (i.e., the calibration curve),
the sensitivity (slope of the calibration curve), and the limit of detection (LOD), calculated as three times

the standard deviation of the baseline noise divided by the sensitivity.

6.2.1. Copper Oxide (CuQ) Electrode

Amperometric measurements for the petal-like CuO electrode were carried out in 0.1 M NaOH at -0.2 V
(vs. Ag/AgCI), a potential that maximized the sensitivity of the electrode toward H.O. while minimizing
interference from other species [3]. The current response increased linearly with the concentration of H20O:

across a wide range (from 20 uM to 1300 uM).

e Calibration Curve: The calibration curve showed an excellent linear relationship between the
current and H20: concentration, with a regression coefficient (R?) of 0.9997.

e Sensitivity: The sensitivity of the CuO electrode was measured as 505.11 pA/mM (or 0.5051
A/mM), which is among the highest reported values for H2O: detection using CuO-based sensors.

e Limit of Detection (LOD): The LOD was calculated as 1.05 uM, indicating the electrode’s ability

to detect very low concentrations of H20x.
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Figure 25. A) Amperometric response of the nanostructured CuO electrode in 0.1 M NaOH with stepwise addition of H-O-.
B) The corresponding calibration curve [3].

In addition to these performance parameters, the
CuO electrode demonstrated high selectivity
toward H.0: in the presence of common

interferents such as ascorbic acid, uric acid,

Current (mA)

dopamine, and NaCl. The signal from these

substances did not significantly alter the baseline

current or interfere with the H-O: detection signal.
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Figure 26. Amperometric response of the nanostructured
CuO electrode in 0.1 M NaOH with stepwise addition of
H-0: at concentrations from 100 to 300 xM and the most
common interfering substances: (1) ascorbic acid, (2) uric
acid, (3) dopamine, (4) NaCl, (5) glucose, and (6)
acetaminophen [3].

6.2.2. Cobalt Oxide (Cos04) Electrode

The Cos04 electrode, fabricated by hydrothermal synthesis, was tested at a fixed potential of -1.23 V (vs.
Ag/AgCl), chosen based on the CV results to optimize sensitivity toward H.O. [4]. Amperometric

experiments showed a steady and measurable increase in current with increasing H.O: concentration.

e (alibration Curve: The calibration curve showed a linear correlation between the current and H20:
concentration in the range from 0.2 mM to 2 mM, with R? = 0.9976.

e Sensitivity: The sensitivity of the CosO. electrode was determined to be 22 pA/mM, which is lower
than that of the CuO electrode but still suitable for practical applications, particularly in healthcare

and environmental monitoring.
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e Limit of Detection (LOD): The LOD for the Co:0. electrode was 7.14 uM, which is comparable

to that of CuO in certain conditions, and well within the biologically relevant range of H2O- in body

fluids.
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Figure 27. A) Chronoamperograms obtained in a 0.1 M NaOH supporting electrolyte for CosO4 nanostructured electrode for
—1.2 V peak potential obtained by gradually adding H-0-. B) Calibration curve for concentration-current dependence [4].
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Figure 28. Interference study with the addition of A0 (1)
and potential interferents NaCl (2), KNO3 (3), glucose (4),
citric acid (5), and ascorbic acid (6). (e)
Chronoamperograms obtained in a 0.1 M NaOH supporting
electrolyte [4].
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6.2.3. Nickel Oxide (NiO) Electrode

Amperometric measurements for the wall-shaped NiO nanostructure electrode were conducted ina 0.1 M
NaOH solution at a working potential of -1.4 V (vs. Ag/AgCI) [5]. This potential was chosen to optimize
the sensitivity of the NiO-based electrode toward hydrogen peroxide while minimizing interference from
other electroactive species. The electrode exhibited a clear and reproducible current response to the addition

of H20-, with a strong dependence of the current on the H.0: concentration.

The electrochemical behavior of the NiO electrode was characterized over a broad range of H-O:
concentrations, from 25 uM to 4 mM. A stable and linear current response was observed, indicating the

electrode's suitability for quantitative H.O- detection in complex matrices such as plant extracts.

The calibration curve for the NiO electrode was obtained by measuring the current response at -1.4 V with
incremental additions of H20-. The resulting data showed a highly linear relationship between the current
and the H-O: concentration, with a correlation coefficient (R?) of 1.00 (as implied by the stepwise increase
in current in response to H20:). This linear relationship was consistent across the entire range of H-0:

concentrations tested, highlighting the electrode's reliability and accuracy.
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Figure 29. A) The chronoamperogram captured in a 0.1 M NaOH supporting electrolyte for the NiO nanostructured electrode at
a peak potential of —1.4 V, obtained with gradual addition of H-O-. B) A calibration curve illustrating the concentration—current
relationship [5].

The sensitivity of the NiO electrode was calculated as 2474 pA-mM™ (or 15.46 mA-mM'-cm?) based on
the slope of the calibration curve. This value is exceptionally high when compared to previously reported
NiO-based electrochemical sensors, indicating the superior detection capability of the wall-shaped NiO
nanostructure configuration. The high sensitivity is attributed to the large surface area provided by the

nanostructured coating, which enhances the catalytic activity of the NiO electrode toward H-0: oxidation.

The limit of detection (LOD) for the NiO electrode was determined using the 3:1 signal-to-noise (S/N) ratio
criterion. Based on the noise observed in the baseline current measurements, the LOD was calculated to be

1.59 uM. This low LOD demonstrates the electrode's ability to detect trace levels of H>0O-, making it suitable
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for applications in plant stress biomarker detection, where the concentration of H.O- can be very low but

physiologically significant.

The NiO electrode exhibited excellent selectivity

.
:: 1 toward H20- in the presence of common interferents
g o~ T2t typically found in plant extracts, such as ascorbic acid,
= 40/ glucose, citric acid, and sodium chloride. No
§ 354 significant changes in the baseline current or in the
3.0 response to H:0: were observed when these
25 M substances were introduced to the working solution.
20 The electrode's resistance to interference was likely
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Figure 30. An interference study examining the impact of
H-0: addition (1) alongside common plant interferents,

including NaCl (2), glucose (3), citric acid (4), and ;
ascorbic acid (5) [5]. largely unaffected by the redox properties of the

which preferentially oxidized H.O: while remaining

interfering species.
The stability of the NiO electrode over time was assessed by performing repeated measurements of the
current response at -1.4 V in a 0.1 M NaOH solution containing 2 mM H:0.. The peak current value
decreased by less than 4% over a 30-day period, indicating that the electrode retained its functionality and
sensitivity with minimal degradation. Additionally, the electrode demonstrated stable performance even
after multiple reuse cycles, with only a 7% reduction in sensitivity after the tenth measurement [5].
Scanning electron microscopy (SEM) analysis of the electrode surface after ten uses revealed that while
some thin nanostructures had fused, the overall surface morphology remained intact, preserving the

electrode’s sensing capabilities.

In summary, the NiO electrode based on wall-shaped nanostructures demonstrated excellent performance
in the detection of H20., with high sensitivity, low LOD, and good selectivity and stability. These
characteristics make it a promising candidate for real-time monitoring of oxidative stress in plants,

particularly in the context of salt stress tolerance studies.
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7. Plant Stress Detection Using H.O. Electrochemical

Sensors

7.1. Sensor Application

Hydrogen peroxide (H20:) is a central reactive oxygen species (ROS) that functions both as a signaling
molecule and an indicator of oxidative stress in plants under abiotic and biotic stress conditions. Elevated
levels of H2O: reflect disruptions in cellular redox homeostasis induced by salinity, herbicides, or other
environmental stressors. Electrochemical detection of H20O: provides a robust approach for real-time
monitoring of plant stress responses. By integrating these nanostructured electrodes into electrochemical
systems, researchers can assess the impact of stress factors on plants and monitor the effectiveness of stress
mitigation strategies, such as the application of nanoparticles. This makes them valuable tools for

agricultural and environmental research.

This study employed non-enzymatic electrochemical sensors fabricated using nanostructured metal
oxides—Co304, CuO, and NiO. These sensors exploit the intrinsic electrocatalytic activity of transition
metal oxides toward H-O: oxidation, further amplified by nanostructuring. The morphological engineering
of the sensing layer, particularly into petal-like, nanowall, and fiber-like architectures, resulted in

significantly enhanced electroactive surface areas, promoting higher sensitivity and selectivity.
Each sensor type was tailored to specific applications:

e Cos04 nanopetals were optimized for barley extracts and demonstrated excellent catalytic response
in complex matrices.

e NiO nanowalls enabled effective H.O: sensing in rye under salt stress, offering a high surface area
and low detection limit (LOD = 1.59 uM, sensitivity = 2474 pyA-mM™).

e CuO nanostructures, used in a multisensor configuration with CosOa, provided complementary

selectivity, enhancing overall signal fidelity in rye extracts subjected to salt and herbicide stress.

67



7.2. Experimental Procedures

Electrochemical measurements were conducted in three-electrode cells with Ag/AgCI as the reference and
carbon as the counter electrode. The working electrodes were nanostructured CosO4, CuO, or NiO on metal

wires (iron or copper substrates), synthesized by hydrothermal and chemical oxidation methods.
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Figure 31. Shematic display of the process of electrochemical detection of H20: in rye samples with induced salt stress [5].

Plant Material and Treatments:

e Species: Barley (Hordeum vulgare L.) [6] and Rye (Secale cereale L.) [5] [7].

e Stress Induction: Plants were exposed to 0.2 M NaCl to simulate salinity stress. Additional groups
received FesO4 or ZnO nanoparticles to mitigate induced stress tolerance.

o Duration: Total cultivation lasted 4 weeks, with stress/nanoparticle treatments applied during the

final 3 weeks.
Sample Preparation:

e Green plant tissues (typically 10 g per 250 mL) were extracted in 0.1 M NaOH and stored under
cold, dark conditions to stabilize H2O-.
e For optical measurements, chlorophyll was extracted in ethanol for stress validation via

photosynthetic pigment loss.
Electrochemical Calibration and Interference Tests:

e Sensors were calibrated using H>O: standards from 25 uM to 7 mM.
o Interference resistance was evaluated against NaCl, glucose, citric acid, and ascorbic acid. Petal-

like Cos0s4 structures exhibited the best resilience to interferences from plant matrix components

Data were acquired using CV, SWV, and amperometry. CV scans typically ranged from —1.3 V to +0.5 V
(vs. Ag/AgCl), with scan rates of 100 mV-s™'. Amperometric detection was carried out at a fixed potential

(e.g., —1.2 V) corresponding to the H.O: oxidation peak.
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7.3. Plant stress detection using CuO and Co304 nanostructured
electrochemical sensors

In this studies [5] [6] [7], plant samples subjected to NaCl- and glyphosate-induced stress exhibited
significantly elevated H2O2 concentrations compared to the control group, with increases of up to 163.02
uM and 223.03 uM, respectively. These findings were further supported by optical absorption
measurements, which revealed a substantial decrease in chlorophyll content—up to 35% in the most
severely stressed samples (Table 2). The inverse correlation between H20. concentration and chlorophyll
levels underscores the role of oxidative stress in impairing photosynthetic efficiency and overall plant
health. These results confirm that H>O: is not only a byproduct of stress, but a key indicator of its

physiological impact on plants.

Moreover, the study demonstrated that the presence of H20: is not limited to abiotic stressors. Exposure to
glyphosate, a potent herbicide, resulted in H.O- accumulation at levels comparable to those observed under
salt stress, indicating that organic stressors can elicit similar oxidative responses. This suggests that H2O:

can serve as a universal marker of stress in plants, regardless of the type or source of stressor.

Importantly, the addition of low concentrations of H20: to irrigation water had a positive effect on plant
growth, as evidenced by increased shoot length and chlorophyll content compared to the control [7]. This
indicates that H2O: is not inherently harmful, but becomes problematic only when its concentration exceeds
the plant’s capacity to neutralize it. The results highlight the delicate balance that plants must maintain

between ROS production and scavenging, and the critical role of H20: as a signal for stress.

Previously developed non-enzymatic electrochemical sensors using nanostructured CuO and CosOs
electrodes were utilized for plant stress detection. These materials were chosen based on their high catalytic
activity, stability, and compatibility with electrochemical detection methods. The sensors demonstrated
excellent performance in detecting H202 in a complex plant matrix such as rye and barley juice, with
detection limits of 1.34 pM for CuO and 1.05 uM for Cos04 (pages 62 and 63). Both sensors exhibited
good linear dependence over a wide concentration range (20 uM to 7 mM), high selectivity toward H2Ox,

and resistance to interference from other organic and inorganic compounds present in plant tissue.

The ability of the sensors to detect H202 in the presence of a complex matrix underscores their practicality
for use in real-world agricultural and environmental applications. Unlike enzymatic sensors, which are
prone to degradation and require careful temperature control, the non-enzymatic sensors based on CuO and
Co0:04 are stable, durable, and suitable for field deployment. The miniaturization of these sensors also
makes them ideal for integration into portable devices, enabling on-site monitoring of plant stress in

agricultural settings.
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7.4. Correlation Between H,0, Accumulation and Plant Vital
Functions

The relationship between H2O: levels and plant physiological functions was further validated by comparing
the results of electrochemical H20: detection with optical chlorophyll measurements. A clear inverse
correlation was observed: as H202 concentrations increased, chlorophyll levels decreased, particularly in
samples exposed to NaCl and glyphosate. The control samples, which showed minimal H-O- accumulation,
exhibited the highest chlorophyll content and longest shoot lengths. In contrast, stressed samples showed
reduced chlorophyll levels and stunted growth, indicating impaired photosynthetic activity and overall plant

vigor.

The study also revealed that H.O--irrigated plant samples exhibited enhanced chlorophyll content and
improved growth characteristics compared to the control. This suggests that small, controlled amounts of
H20: may act as a beneficial signaling molecule, promoting root development and nutrient uptake. The
positive effects observed in H.O-treated samples contrast sharply with the detrimental effects of

unregulated H2O2 accumulation in stressed plants, further emphasizing the dual nature of H20: in plant

physiology.
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Figure 32. Light absorbance spectrum for rye samples [7].

The data obtained from the electrochemical sensors align closely with the optical measurements, providing
a consistent and comprehensive picture of stress-induced changes in rye plants. This cross-verification
strengthens the argument that H-O- can be used not only as a stress marker, but as a quantitative indicator
of stress severity. The combination of electrochemical and optical methods offers a powerful multi-faceted

approach to stress assessment in plants.

Hydrogen peroxide (H20:) has been unequivocally established as a reliable biomarker of plant stress, with
its concentration directly linked to the severity of stressors such as salt and herbicides. The development of

non-enzymatic electrochemical sensors based on nanostructured CuO and CosOa electrodes has provided a
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robust and sensitive method for detecting H20: in plant tissues. These sensors demonstrated excellent
performance in terms of sensitivity, selectivity, and stability, even in the complex matrix of rye juice. The
correlation between elevated H-0: levels and reduced chlorophyll content further validates the use of H-O:

as an indicator of oxidative stress in plants.

The application of these sensors in agricultural and environmental research offers a powerful tool for
understanding plant responses to stress and for developing strategies to enhance crop resilience and
productivity.

7.5. Utilization of Nanoparticles for Stress Mitigation and Sensor
Application Field Expansion

The integration of nanoparticles into agricultural practices has opened new avenues for stress mitigation,
with these nanomaterials playing a pivotal role in alleviating oxidative stress in plants. In this context, the
sensors developed in this study, based on NiO, CuO and CosOa4 nanostructures, demonstrate significant
potential as monitoring tools to detect varying stress levels before, during, and after nanoparticle
application. By quantifying hydrogen peroxide (H202) in plant tissues, the sensors can effectively assess
the efficacy of nanoparticles in reducing oxidative damage. For instance, the addition of ZnO [5] or FesOs
[6] nanoparticles to irrigation water has been shown to significantly reduce H.O. concentrations in rye
under salt stress, as demonstrated in earlier studies. These nanoparticles not only help in scavenging reactive
oxygen species (ROS) but also enhance the plant’s natural antioxidant systems. The sensors, with their high
sensitivity and selectivity, enable real-time tracking of H.O: levels, providing a dynamic feedback loop to
evaluate stress mitigation success. This capability is crucial for optimizing nanoparticle application rates

and timing, ensuring that plants receive the most effective treatment.

H:0: Concentration

Plant Species Type of Stress Stress Mitigator (uM)
Rye (Secale cereale | Salt stress (NaCl) — (Control, no mitigation) 500
L)

ZnO nanoparticles (50 mg-L™) 190

ZnO nanoparticles (100 mg-L™) 130
Barley  (Hordeum | Salt stress (NaCl) — (Control, no mitigation) 500
\vulgare L.)

FesO. nanoparticles (72 mg-L™) 150

Table 3. Comparison of detected H:O: levels in plants with and without stress mitigation via nanoparticle irrigation.

The versatility of the NiO, CuO and CosO4-based sensors extends further into ariculture: they can be

employed in a feedback-driven system to monitor the physiological response to fertilizers and chemical

interventions. For example, by continuously measuring H2O. levels in treated plants, farmers and

researchers can adjust fertilizer dosages and application methods based on real-time data. This adaptive

approach enhances the precision of stress management strategies, potentially leading to improved crop
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yields and resilience. Moreover, the sensors’ ability to function in complex plant matrices, such as rye juice,
underscores their robustness and reliability in field conditions. The non-enzymatic nature of these sensors
also ensures their longevity and stability, making them suitable for long-term deployment in agricultural
settings. Thus, the development of these sensors not only advances our ability to detect stress biomarkers
but also facilitates the practical application of fertilizers and chemicals in stress mitigation, creating a

powerful synergy between advanced materials and electrochemical sensing technologies.

7.6. Chapter Summary

After presenting the detailed electrochemical performance of each metal oxide electrode—namely CuO,
Co0s0s4, and NiO—in detecting hydrogen peroxide, it is important to summarize and compare their key
analytical parameters in order to assess their relative merits and suitability for different applications. Each
electrode demonstrated distinct characteristics in terms of sensitivity, linear range, limit of detection,
selectivity, and long-term stability. To facilitate a direct and structured comparison, a summary table is
provided below, which consolidates the most relevant performance metrics for each material. This
comparative overview highlights the strengths of each system and aids in determining the optimal electrode

for specific sensing environments, such as biomedical, environmental, or plant physiological monitoring.

Parameter

Copper Oxide (CuO)

Cobalt Oxide (C0:0.)

Nickel Oxide (NiO)

Electrolyte

0.1 M NaOH

0.1 M NaOH

0.1 M NaOH

pplied Potential

-0.2 V (vs. Ag/AgCl)

-1.23 V (vs. Ag/AgCI)

-1.4 V (vs. Ag/AgCl)

Linear Detection | 20 uM to 1300 uM 0.2 mM to 2 mM 25 uM to 4 mM

Range

Correlation 0.9997 0.9976 1.00

Coefficient (R?)

Sensitivity 505.11 pA/mM (0.5051 A/mM) | 22 pA/mM 2474 pA/mM (15.46
mA/mM-cm?)

Limit of Detection | 1.05 uM (3o/sensitivity) 7.14 yM 1.59 uM

(LOD)

Selectivity High; no significant interference | Good; minimal interference | Excellent; no interference from

environmental)

from ascorbic acid, uric acid, | from NaCl, KNOs, glucose, | ascorbic acid, glucose, citrig
dopamine, NaCl citric acid, ascorbic acid acid, NaCl

Application Suitability | High  for  low-concentration | Suitable for healthcare and | Excellent for plant stresg
H.0:. detection (biological, | environmental monitoring biomarker detection (e.g., salf

stress)

Table 4. Comparative Performance of CuO, CosOs, and NiO Electrodes for H>O: Detection
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Conclusions

1. Laser-assisted and hydrothermal synthesis techniques enable the controlled fabrication of

highly uniform and patterned ZnO nanoneedles, significantly enhancing their structural

fidelity and suitability for application-specific design in electrochemical systems.

a.

The synthesis of ZnO nanoneedles was successfully controlled through both hydrothermal
and laser-assisted methods. ZnO nanoneedles synthesized using hydrothermal techniques
on preheated substrates yielded highly uniform structures. The laser-assisted method, using
a 532 nm laser at 15,5 MW/m2 with a scan speed of 55 mm/min, enabled selective and
precise patterning of ZnO nanostructures with minimal parasitic growth.

2. The morphology of metal oxide nanostructures—such as CuO nanopetals, Co:O4 nanofibers,

and NiO nanowalls—can be systematically tuned via synthesis parameters to optimize

electrochemical activity, surface area, and stability, offering tailored sensor performance for

diverse applications.

a.

The synthesis of CuO nanostructures via hydrothermal oxidation yielded nanopetals with
a flower-like morphology (page 59) that exhibited superior electrochemical activity. The
optimal synthesis duration for CuO was 3 hours at 90°C in a solution composed of 10 mL
of 10 M NaOH, 5 mL of 1 M (NH4)2S20s, and 26 mL of distilled water.

Co304 chloride-assisted synthesis led to the formation of long, uniform nanofibers
assembled into honeycomb-like structures (page 57), which demonstrated high adhesion,
large surface area, and excellent electrochemical response. The optimal synthesis duration
for Cos04 was 5 hours at 95°C in equimolar aqueous solution of 0.1 M CoClz:6H-O and
0.1 M hexamethylenetetramine (CH4N:0).

For NiO, hydrothermal synthesis on iron wires produced wall-shaped nanowalls with a
complex three-dimensional architecture and spherical flower-like formations (page 60).
The optimal synthesis duration for NiO was 5 hours at 95°C 0.1 M equimolar mixture of
nickel nitrate hexahydrate (Ni(NOs)2:6H20) and hexamethylenetetramine (CsHi2N4).

3. The development of electrochemical platform designs enabled targeted detection of analyte in

diverse applications:

a.

Custom-Built Electrochemical Cell with Nanostructured Electrodes (page 49)
demonstrated high suitability for plant extract analysis for stress monitoring.
Mass-Produced PCB Chip Electrochemical Cell (page 50) demonstrated the capability of
analyzing small volume samples (down to 10 uL) for herbicide application monitoring.
Miniaturized Droplet-Based Electrochemical Cell (page 51) provides capabilities to

perform wettability dynamics studies for various nanostructure morphologies.
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4. Nanostructured NiO, Co0:0s, and CuO electrodes exhibit exceptional sensitivity and
selectivity for hydrogen peroxide detection in plant extracts, enabling the real-time
monitoring of oxidative stress under abiotic and herbicide-induced conditions.

a. Electrochemical sensors based on nanostructured NiO, Cos04, and CuO were tested for
H:0: detection in rye and barley.

i. The NiO-based sensor demonstrated detection limit (LOD) of 1.59 uM and a
sensitivity of 2474 pA-mM™.
ii. Co030s electrodes demonstrated LOD of 7.14 uM and sensitivity of 22 pA-mM1.
iii. CuO sensors exhibited LOD of 1.05 uM and sensitivity of 505 pA-mM.
iv. These sensors were successfully tested against common plant interferents.

5. The developed electrochemical sensors, validated through complementary optical and
molecular methods, demonstrate high correlation with physiological stress indicators,
establishing H:O: as a reliable biomarker for plant stress assessment.

a. The electrochemical detection of H.0O. was validated using optical measurements
(chlorophyll content) and molecular analyses (RAPD). During this study, it was established
that for stressed rye samples:

i. The chlorophyll content were reduced by up to 35% when compared to control;
ii. The created sensors detected H20. levels up to 223.03 uM with stressed rye
samples;
iii. The control samples had H202 levels less than LOD.

b. Additionally, glyphosate-stressed plant samples exhibited significant genotoxic effects as
evidenced by RAPD analysis, indicating DNA-level changes. The integration of
electrochemical data with optical and molecular validation methods strengthens the
credibility of H20: as a key physiological marker and supports the use of developed sensors

in agricultural monitoring systems.
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Appendix 1. Python program for electrochemical cell

simulations

This appendix outlines the computational model used to simulate electrochemical reactions at a single
electrode, generating the data for the plots in Chapters 2.1 and 2.2. The simulation employs a finite-
difference approach to resolve transient mass transport and electrochemical kinetics within the diffusion

layer adjacent to the electrode.
1. Model Assumptions and Discretization

e The diffusion layer is divided into discrete spatial grid points, and the simulation proceeds in
discrete time steps. Key assumptions include:

e The far boundary of the diffusion layer is held at a constant reagent concentration, Cbulk,
representing the bulk solution.

e The near boundary represents the electrode surface, where electrochemical reactions occur.
2. Electrochemical Kinetics at the Electrode Surface

At each time step, the following sequence of calculations is performed in accordance of mathematical model

described in chapter 2.1:

e Potential Calculation: The electrode potential E is determined using the Nernst.

e Current Density Calculation: The Butler-Volmer equation is applied to compute the current density
J-

e Faradaic Conversion Rate: The rate of ion conversion between oxidized and reduced forms is

computed using Faraday’s law of electrolysis.
3. Mass Transport via Diffusion

The updated concentrations at the electrode surface are propagated through the diffusion layer using Fick’s

second law. A finite-difference scheme ensures numerical stability.
4. Iterative Simulation and Data Collection

The above steps are repeated over multiple time steps. At each step, the following quantities are recorded

for subsequent analysis:

e Instantaneous current density (j)
e Applied potential (E)

e Concentrations of oxidized (Cox) and reduced (Cred) species

The collected data is subsequently processed to generate the figures in the thesis.
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The simulation code is implemented in two Python files:
CellSimulator.py Contains the core computational logic, including:

o Discretization of the diffusion layer
o Electrochemical kinetics calculations
e Mass transport simulation

o Data collection and storage
main.py Sets up the reaction conditions, including:

e Standard reaction potential

e Equilibrium current density

e Diffusion coefficient

e Bulk concentrations of reduced and oxidized species
e Time step and total simulation duration

o Applied electrode potential as a function of time
This file then initiates the simulation and plots the results.
Software Requirements:

e Python 3.10 or later
e NumPy (for numerical operations)
e SciPy (for scientific computing utilities)

¢ Pandas (for data handling and analysis)
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File CellSimulator.py

import math

import numpy as np

from scipy.integrate import solve_ivp
import pandas as pd

#This class calculates the diffusion of a single reactant over a diffusion layer
class DiffusionCalculator:
def init_ (self, N_Points):
#Setup default coefficients
self.R = 8.31 # Universal gas constant
self.F = 96485 # Faradays constant

# number of points in diffusion layer space
self.N_Points = N_Points

#Concentrations of bulk solution

self.Bulk = 1.0

#Diffusion coefficients of reactant
self.Coef = .5

#Depth of diffusion layer

self.Diff_layer = 0

self.dx = 0

self.CaclDiffLayerDepth(0.1)

#This function calculates the depth of diffusion layer for given conditions
def CaclDifflLayerDepth(self, dV_dt):
#tself.Diff_layer = math.sqrt( 2 * self.Coef / dv_dt ) / 100
self.Diff_layer = math.sqrt( 2 * self.Coef / dv_dt )
self.dx = self.Diff_layer / self.N_Points

#This function takes the array of concentration data over space and calculates the
#derivative of the concentration over time using Ficks second law
#Conc should be np.array with lenght N_Points
def CalcFickDiffusion(self, Conc, Approximate = False):
Conc[-1] = self.Bulk # Bulk boundary condition
dConc_dt = np.zeros_like(Conc)

for i in range(l, self.N_Points-1):
dConc_dt[i] = self.Coef * ( ( Conc[i+l] - 2 * Conc[i] + Conc[i-1] ) / self.dx**2 )

#Approximate the temporal derivative at electrode surface based on Neumann condition
if Approximate:
dConc_dt[@] = self.Coef * ( Conc[1l] - Conc[@] ) / self.dx

return dConc_dt

#This function generates an array of X values for calculated points
def GetXValues(self):
return np.linspace(0, self.Diff_layer, self.N_Points)

#Generate an array of initial values
def GetInitial(self):
return np.full(self.N_Points, self.Bulk)

def map_value(x, a, b, c, d):
# Linear transformation
y=c+ (x-a)*(d-c)/ (b-a)
# Clamping y to the target range
return max(min(y, max(c, d)), min(c, d))

class ElectricSolver:
def init (self):
self.R = 8.31 # Universal gas constant
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self.F

96485 # Faradays constant

self.T 273+25 # System temperature

self.n = 1 # Number of electrons participiating in reaction
self.E@ = 0 # Standart potential of reaction

self.jo = 10000 # Current density at equilibrium

#the rate of reaction for anodic and cathodic conversions
self.alpha_a = 0.5

self.min_conc = 1le-8

#This function takes the concentrations of reduced and oxidised form of a rectant and
#calculates Nernst equilibrium potential
def Nernst_Potential(self, Red, Ox):

Red = max (Red, self.min_conc)

Ox = max (Ox, self.min_conc)

return self.E@-self.R*self.T/(self.n*self.F)*math.log(0x/Red)

#This function takes the overpotential ni, concentrations of reduced and oxidised form and
#calculates conversion current according to Butler-Volmer
def ButlerVolmer_Current(self, E, Red, Ox):

ni = E - self.Nernst_Potential(Red, Ox)

k = ni*self.n*self.F/(self.R*self.T)

alpha_a = self.alpha_a

alpha_c = 1 - self.alpha_a

#treturn self.jo * (math.exp(alpha_a*k) - math.exp(-alpha_c*k))

return self.jo * (Ox * math.exp(alpha_a*k) - Red * math.exp(-alpha_c*k))

#This function accounts for numeric errors and discrepancies during calculations
def Current(self, E, Red, Ox):

j = self.ButlerVolmer_Current(E, Red, Ox)

return j

#This class performs simulation for a simple cell with 1 reaction happening inside
class CellSimulator:
def init_ (self, Diff_N_Points):
self.RedDiff = DiffusionCalculator(Diff_N_Points)
self.OxDiff = DiffusionCalculator(Diff_N_Points)
self.Reaction = ElectricSolver()

self.dv_dt = 0.1
self.SetExpectedSlope(0.1)

self.time = np.zeros(1)

self.RedConc = np.zeros((1l, Diff_N_Points))
self.0OxConc = np.zeros((1, Diff_N_Points))
self.voltage = np.zeros(1)

self.current = np.zeros(1)

def SetDiffCoefficients(self, RedDiff, OxDiff):
self.RedDiff.Coef = RedDiff
self.OxDiff.Coef = OxDiff
self.RedDiff.CaclDiffLayerDepth(self.dv_dt)
self.OxDiff.CaclDiffLayerDepth(self.dV_dt)

def SetBulkConcentrations(self, RedBulk, OxBulk):
self.RedDiff.Bulk = RedBulk
self.0OxDiff.Bulk = OxBulk

def SetExpectedSlope(self, dv_dt):
self.dv_dt = dv_dt
self.RedDiff.CaclDiffLayerDepth(self.dV_dt)
self.OxDiff.CaclDiffLayerDepth(self.dV_dt)

#This function takes initial concentration distribution for a given cell and calculates

#the cell dynamics
def Solve(self, time_span, time_points, max_dt, Potential, Method="LSODA"):
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t_eval = np.linspace(@, time_span, time_points) # Points at which to store the
solution
y0@ = np.concatenate((self.RedDiff.GetInitial(), self.OxDiff.GetInitial()))

#tself.log = open("log.csv", 'w')

#self.log.write("Time,Voltage,Current,Red,0x,deltaRed,deltaOx,\n")

#sol = solve_ivp(self.SolveStep, (@, time_span), y@, args=(Potential,), t_eval=t_eval,
max_step=max_dt, method="BDF")

sol = solve_ivp(self.SolveStep, (@, time_span), y0, args=(Potential,), t_eval=t_eval,
max_step=max_dt, method=Method)

#tself.log.close()

self.time = sol.t
self.RedConc = sol.y[:self.RedDiff.N_Points, :]
self.0OxConc = sol.y[self.RedDiff.N_Points:, :]

self.voltage = np.zeros_like(self.time)
self.current = np.zeros_like(self.time)
for t in range(np.size(self.time)):
self.voltage[t] = Potential(self.time[t])
self.current[t] = self.Reaction.Current(self.voltage[t], self.RedConc[0, t],
self.0xConc[0, t])

def SolveStep(self, t, y, Potential):
E = Potential(t)
# unwrap variables
Red = y[:self.RedDiff.N_Points]
Ox = y[self.RedDiff.N_Points:]

dRed_dt = np.zeros_like(Red)

dox_dt = np.zeros_like(0Ox)

#tcalculate diffusion, apply Neumann condition to electrode surface
dRed_dt = self.RedDiff.CalcFickDiffusion(Red, True)

dox_dt = self.OxDiff.CalcFickDiffusion(0Ox, True)

#calculate current density
j = self.Reaction.Current(E, Red[0], O0x[0@])

#tcalculate Faradaic conversion rate
dRed_dt[@] += j/(self.Reaction.n*self.Reaction.F)
dox_dt[@e] -= j/(self.Reaction.n*self.Reaction.F)

#data = ",".join(str(x) for x in (t, E, j, Red[@], Ox[@], dRed_dt[@], dOx_dt[e],"\n"))
#tself.log.write(data)
#print(t)

dy_dt = np.concatenate((dRed_dt, dox_dt))
return dy_dt

def Save(self, file):
combined_array = np.column_stack((self.time, self.voltage, self.current,
self.RedConc[0], self.0xConc[@]))
df = pd.DataFrame(combined_array, columns=['Time', 'Voltage', "Current", "Reduced",
"Oxidised"])
df.to_csv(file, index=False)
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File main.py

import numpy as np

from scipy.integrate import solve_ivp
import matplotlib.pyplot as plt

import math

from CellSimulator import CellSimulator

#The set of functions that defines applied potentials over time for various analysis methods
def StepPotential(t):
return np.where(t <= 0.1,

0.0,
1.0)
def CyclicVoltammetry(t):
Vmax = 1
Vmin = -1
dvdt = 0.1
Vstart = Vmin
if t < 10:
return Vstart
else:
t -= 10

# Calculate the total potential change and the time to reach vertex potential
Delta_E = abs(Vmax - Vmin)
T_vertex = Delta_E / dvdt
T _total = 2 * T_vertex # Time for a complete forward and reverse sweep
#calulate offset to account for starting voltage
t_offset = (Vstart - vmin) / dvdt
# Use modulo operation to determine the effective time within a single sweep cycle
t_mod = np.mod(t + t_offset, T_total)
# Determine the potential at each time point
E_t = np.where(t_mod <= T_vertex,
Vmin + dvdt * t_mod,
Vmax - dvdt * (t_mod - T_vertex))
return E_t

Vstart = -1

pulse amp = 0.05 # Volts
pulse period = 0.1 # seconds
step = 0.005 # Volts

def DifferentialPulseVoltammetry(t):
if t < pulse_period:
return Vstart # insert a blank periot at the start
pulse_count = t // pulse_period
t_cycle = t % pulse_period
E_t = Vstart + step * pulse_count
if t_cycle < pulse_period / 2:
E_t += pulse_amp
return E_t

#Define the simulation parameters
Simulator = CellSimulator(40)
Simulator.SetBulkConcentrations(9.0, 1.0)
Simulator.Reaction.E@ = 0.0

Simulator.Reaction.jo = 1le3
Simulator.SetDiffCoefficients(0.5, 0.5)

#Run the simulation. The program can process only one simulation at a time; This file will
simulate DPV

#Simulation commands for other types of reactions are analysis out

#Simulator.Solve(50, 1000, 0.1, CyclicVoltammetry)

#Simulator.Solve(0.5, 1000, 0.1, StepPotential)

Simulator.Solve(40, 4000, 0.001, DifferentialPulseVoltammetry)
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# Extract DPV curves

simulation_dt = 40.0 / 4000.0

simulation_pulse_points = int(pulse_period / simulation_dt)

base_current = Simulator.current[int(simulation_pulse_points - 1)::simulation_pulse_ points]
peak_current = Simulator.current[int(simulation_pulse points / 2 -
1)::simulation_pulse_points]

peak_voltage = Simulator.voltage[int(simulation_pulse_points / 2 -
1)::simulation_pulse_points]

#Construct the plots
fig, (ax1, ax3) = plt.subplots(1l, 2) # 1 rows, 2 column
ax2 = ax1l.twinx()

axl.plot (Simulator.time, Simulator.RedConc[@], label="Red(t)")
axl.plot (Simulator.time, Simulator.OxConc[@], label="0Ox(t)")
axl.set_ylabel('Concentration')

ax2.plot(Simulator.time[1:], Simulator.current[1:], label='Current(t)', color="green")
ax2.set_ylabel("Current")

g
ax3.plot(peak_voltage, peak_current)
ax3.plot(peak_voltage, base_current)
ax3.plot(peak_voltage, peak_current - base_current)
ax3.set_xlabel("Voltage")

ax3.set_ylabel("Current")

g

plt.show()

# Save the data from ax3 to a CSV file
voltage_data = Simulator.voltage
current_data = Simulator.current

# Stack the two arrays together and save as a CSV
np.savetxt('DifferentialPulseVoltammetry_data.csv', np.column_stack((peak_voltage,
peak_current, base_current, peak_current - base_current)),

delimiter=",",

header='Voltage,Peak,Base,DPV",

comments="")
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