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Abstract: This article is devoted to the study of the effect of ZnO nanoparticles on the develop-
ment of tolerance to salt stress in rye samples. As a quantitative criterion for assessing the degree
of oxidative stress, the amount of H2O2 released in the samples during growth was determined.
For these purposes, an electrochemical sensor based on hydrothermally synthesized wall-shaped
NiO nanostructures was developed. This sensor has been proven to demonstrate high sensitivity
(2474 µA·mM−1), a low limit of detection (1.59 µM), good selectivity against common interferents,
and excellent long-term stability. The investigation reveals that the incorporation of ZnO nanoparti-
cles in irrigation water notably enhances rye’s ability to combat salt stress, resulting in a decrease
in detected H2O2 levels (up to 70%), coupled with beneficial effects on morphological traits and
photosynthetic rates.

Keywords: ZnO nanoparticles; NiO wall-shaped nanostructures; hydrothermal synthesis; electrochemical
sensor; H2O2 detection; salt stress; oxidative stress; stress tolerance; rye

1. Introduction

Abiotic stress factors, encompassing drought [1,2], salinity [3,4], extreme tempera-
tures [5], and heavy metals [6], profoundly impact plant growth and development, disrupt-
ing cellular homeostasis and inducing oxidative stress [7–9]. Among the various reactive
oxygen species (ROS) generated, hydrogen peroxide (H2O2) stands out as a critical sig-
naling molecule [10] and stress biomarker in plants exposed to such adversities [11–13].
Elevated levels of H2O2 within plant cells signify an imbalance between ROS production
and scavenging mechanisms, triggering an intricate cascade of responses to counteract
stress effects [14]. Stress tolerance development in plants involves a multifaceted array of
adaptive strategies [15–17]. Morphological adaptations [18,19], such as alterations in root
architecture and leaf structure, aid in water acquisition and conservation. Physiological
responses [20–22], including stomatal regulation to minimize water loss and osmotic adjust-
ment to maintain cellular water balance, are pivotal for stress resilience. Additionally, plants
activate complex biochemical pathways to synthesize osmoprotectants, antioxidants, and
stress-related proteins, crucial for mitigating oxidative damage and maintaining cellular
integrity [23–25]. Emerging as a frontier in plant stress management, nanoparticles exhibit
remarkable potential for enhancing stress tolerance [26–29]. These nanoparticles function as
carriers for essential nutrients and antioxidants, facilitating their targeted delivery to plant
tissues [30]. Furthermore, they modulate physiological processes [31], including stomatal
conductance, water uptake, and photosynthetic efficiency, while also mitigating oxidative
stress [32] by scavenging ROS and enhancing antioxidant enzyme activities within plant
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cells. Understanding the intricate interplay between abiotic stress factors, cellular responses,
and nanoparticle-mediated interventions holds immense promise for advancing strategies
to enhance stress tolerance and bolster crop resilience in a changing climate.

Several types of nanoparticles have been investigated for their potential to enhance
salt stress tolerance in plants. Among them, zinc oxide (ZnO) nanoparticles are one
of the most commonly studied [33–35]. Other nanoparticles, such as titanium dioxide
(TiO2) [36,37], silicon dioxide (SiO2) [38], iron oxide (Fe2O3) [39,40], and cerium oxide
(CeO2) [41], have also shown promise in improving salt stress tolerance in plants. Each
type of nanoparticle may exert its effects through different mechanisms, including nutrient
delivery, antioxidant activity, regulation of ion homeostasis, and modulation of gene
expression. However, the specific choice of nanoparticle may depend on factors such as
cost, availability, environmental impact, and effectiveness in different plant species and
growth conditions.

Zinc oxide (ZnO) nanoparticles offer several advantages over other nanoparticles for
enhancing salt stress tolerance in plants [33,42]. ZnO nanoparticles are cost-effective and
readily available, making them more accessible for agricultural applications compared to
some other nanoparticles. ZnO nanoparticles have been extensively studied and character-
ized for their biocompatibility and low toxicity to plants, ensuring minimal adverse effects
on plant growth and development [43]. Moreover, ZnO nanoparticles possess inherent
antioxidant properties, allowing them to efficiently scavenge reactive oxygen species, reduc-
ing oxidative damage [44]. Additionally, ZnO nanoparticles have been shown to enhance
photosynthetic efficiency in salt-stressed plants, thereby contributing to improved carbon
assimilation and energy production essential for plant growth and stress tolerance [45].
Zinc oxide nanoparticles hold promise as effective antifungal agents due to their ability to
disrupt fungal cell membranes and walls, leading to cell leakage and eventual fungal cell
death [46,47]. Therefore, the addition of ZnO nanoparticles to irrigation water reduces the
number of molds in the soil, thereby increasing plant viability and the ability to withstand
abiotic stress factors.

As previously mentioned, assessing the concentration of H2O2 in plant samples isa
crucial measurement to evaluate the impact of stress on plants.

In laboratory settings, common methods for H2O2 determination include spectropho-
tometric assays utilizing enzymatic reactions or chromogenic compounds [48,49], fluoro-
metric assays [50,51] with fluorescent probes like Amplex Red or DCFH-DA, potentiometric
assays employing electrodes modified with redox mediators or enzymes, chemilumines-
cence assays [52] utilizing luminol-based reactions catalyzed by H2O2, and titrimetric
assays [53] such as iodometric titration methods. Each method offers distinct advan-
tages in sensitivity and specificity, catering to various experimental requirements and
available instrumentation.

Electrochemical sensors for hydrogen peroxide detection offer several advantages over
common laboratory methods [54–56]. Firstly, electrochemical sensors provide real-time,
continuous monitoring capabilities, allowing for rapid detection and analysis of H2O2
levels with high sensitivity and precision [57,58]. Moreover, these sensors typically require
smaller sample volumes and simpler sample preparation procedures, reducing the time
and resources needed for analysis. Additionally, electrochemical sensors are often portable,
compact, and cost-effective, making them suitable for on-site and field applications where
access to laboratory facilities may be limited [59]. Furthermore, electrochemical sensors
can be easily integrated into automated systems for high-throughput screening and moni-
toring, offering convenience and efficiency in various research and industrial settings [60].
Overall, the simplicity, speed, sensitivity, portability, and automation capabilities of elec-
trochemical sensors make them advantageous for H2O2 detection compared to common
laboratory methods.

Utilizing nanostructures in the fabrication of working electrodes for electrochemical
sensors enables enhanced sensitivity by substantially augmenting the working surface area
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without necessitating an increase in the electrode’s geometric dimensions [61–63]. This
approach facilitates sensor miniaturization, thereby optimizing its efficiency.

This manuscript presents an investigation into the effects of ZnO nanoparticles on
enhancing salt stress tolerance in rye samples. Beyond evaluating the direct impact of
these nanoparticles on plant responses to salt stress, this study delves into the potential of
employing nanostructured NiO as a working electrode within an electrochemical cell. This
innovative approach aims to measure the release of H2O2 in plant samples characterized
by intricate chemical compositions. By exploring both the physiological and electrochem-
ical aspects of nanoparticle-plant interactions, this research offers valuable insights into
potential strategies for mitigating salt stress and monitoring plant health.

2. Materials and Methods
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, CAS No.: 5970-45-6), ethanol (C2H5OH,
CAS No.: 64-17-5), nickel nitrate hexahydrate (Ni(NO3)2·6H2O, CAS No.: 13478-00-7), hexam-
ethylenetetramine (C6H12N4, CAS No.: 100-97-0), sodium hydroxide (NaOH, CAS No.: 1310-
73-2), sodium chloride (NaCl, CAS No.: 7647-14-5), citric acid (HOC(COOH)(CH2COOH)2,
CAS No.: 77-92-9), ascorbic acid (C6H8O6, CAS No.: 50-81-7), glucose (C6H12O6, CAS No.:
50-99-7) and hydrogen peroxide solution (H2O2, 30%, CAS No.: 7722-84-1) were purchased
from Merck. All chemicals demonstrated a purity level equal to or greater than 99.8%. Iron
wires (d = 0.5 mm, 99.9% purity) and carbon rods (d = 5 mm, 99.9% purity) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ag/AgCl wire was acquired from A-M Sys-
tems, Sequim, WA, USA. Rye seeds (Secale cereale L. TORAF, batch PL81604335/27TDC/1),
containers for seedling cultivation, and universal peat substrate (Šepeta, Lithuania) were
sourced from a local store. The distilled water required for the experiment was produced
in the laboratory.

2.2. Synthesis and Analysis of ZnO Nanoparticles

To synthesize ZnO nanoparticles, 1 g of Zn(CH3COO)2·2H2O was dissolved in 50 mL of
ethanol, followed by the dissolution of 1 g of NaOH in 25 mL of ethanol. The resulting NaOH
solution was gradually added to the main container containing the Zn(CH3COO)2·2H2O
solution with continuous stirring using a magnetic stirrer, resulting in a 75 mL working
solution with a pH = 10. The solution was then transferred to a borosilicate glass beaker
with a lid and subjected to ultrasonic treatment at 50 ◦C for 1 h. Subsequently, the milky
colloidal solution obtained was transferred to an oven preheated to 95 ◦C and left for 4 h.
After completion of the synthesis, the resulting white precipitate was washed multiple times
with distilled water and dried in an oven for 3 h. Finally, the synthesized samples were
analyzed using FESEM (MAIA 3, Tescan, Brno, Czech Republic) to evaluate nanoparticle
morphology and size and an XRD diffractometer (Rigaku smart lab, RIGAKU, Tokyo,
Japan) to determine the crystalline phase.

SEM illustrations of the resulting nanoparticles are depicted in Figure 1a,b. Upon
drying, the nanoparticles agglomerated into spherical clusters of submicron size. A detailed
examination reveals that these clusters comprise individual nanoparticles, with an average
size ranging from 10 to 25 nm.

The results of the XRD analysis are depicted in Figure 1c. The graph illustrates planes
corresponding to the crystalline phase of ZnO. It is evident that the resulting nanoparticles
exhibit a notably high degree of crystallinity, as indicated by the minimal presence of an
amorphous background. No phases characteristic of other substances were detected.

The process of the formation of ZnO nanoparticles can be described as follows [64].
In the experimental precursor solution, zinc exists in the forms of Zn(OH)2 precipitates

and Zn(OH)4
2− species, as dictated by the stoichiometric ratio of Zn2+ to OH−. Under

hydrothermal conditions, Zn(OH)2 precipitates dissolve to a significant extent, yielding
Zn2+ and OH− ions. Once the product of Zn2+ and OH− surpasses a critical value necessary
for ZnO crystal formation, ZnO crystals precipitate from the solution. Notably, the solubility
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of ZnO is much lower than that of Zn(OH)2 under hydrothermal conditions, leading to
a strong tendency for Zn(OH)2 precipitates to transform into ZnO crystals during the
hydrothermal process, as per the (1) and (2) reactions:

Zn(OH)2 = Zn2+ + 2OH− (1)

Zn2+ + 2OH− = ZnO↓ + H2O (2)

Figure 1. (a,b) SEM pictures of the ZnO nanoparticles at different magnifications. Also, here is (c) the
XRD spectrum of the crystal structure of the ZnO nanoparticles.

Initially, elevated concentrations of Zn2+ and OH− facilitate significant crystal growth
in various directions. As the concentrations of Zn2+ and OH− reach the supersaturation
level for ZnO, nucleation and subsequent crystal growth commence.

2.3. Synthesis and Analysis of NiO Nanostructures

The iron wire was initially cut into 6 cm pieces, cleaned with sandpaper, and treated
with a weak hydrochloric acid solution for 2 min to modify its microstructure and increase
surface roughness, enhancing the adhesion of nanostructures. For the hydrothermal
synthesis, a working solution was prepared by dissolving a 0.1 M equimolar mixture of
Ni(NO3)2·6H2O and C6H12N4 in 75 mL of distilled water with stirring. The resulting
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greenish colloidal liquid was then transferred to a borosilicate glass container with a lid,
with wire electrodes immersed in the solution. The setup was placed in an oven preheated
to 95 ◦C, and hydrothermal synthesis was conducted for 5 h, yielding a light green NiOH
precipitate. Following synthesis, the wires were washed several times with distilled water
and annealed at 450 ◦C for 3 h to decompose NiOH into NiO, resulting in a dark gray matte
coating on the wires. Subsequently, the electrodes were stored in a vacuum desiccator
before measurements to prolong their lifespan and minimize environmental impact. The
morphology of the nanostructured coating was assessed using FESEM, while the crystal
structure was analyzed using an XRD diffractometer.

Figure 2a–d illustrate NiO nanostructures obtained via the hydrothermal method,
showcasing the wire surface at varying magnifications. The images reveal a nanostructured
coating comprising a uniform and dense layer of nanowalls, forming a porous labyrinthine
structure (Figure 2a,d). Additionally, spherical flower-like formations of micrometer scale
are observed atop the nanowall layer, composed of nanopetals (Figure 2b,c). The presence
of these structures suggests the formation of second-generation nanostructures, where nu-
cleation and growth occur within the working solution volume. The formed nanostructures,
influenced by gravity, are deposited onto the first-generation layer, where they adhere and
further develop, resulting in the formation of a network of spherical agglomerates.

Figure 2e displays an X-ray diffraction pattern of the resulting nanostructured layer.
Notably, the sample exhibits a prominent amorphous background, likely attributed to the
thinness of the nanostructures. Additionally, several well-defined peaks with relatively
high intensity are evident, indicative of the crystalline phase of NiO. Furthermore, small
inclusions of the Fe2O3 crystalline phase are observed in the X-ray diffraction pattern. The
appearance of these inclusions can be attributed to the absence of nanostructure growth at
the locations where the wire was attached in the synthesis beaker (and subsequently at the
electrode attachment point in the cell), as well as the annealing process applied to the iron
wire itself.

The process of hydrothermal synthesis of nanostructures can be described using
Equations (3)–(5) [65]:

C6H12N4 + 6H2O → 4NH3 + 6HCHO (3)

NH3 + H2O → NH4
+ + OH− (4)

Ni2+ + 2OH− → Ni(OH)2 (5)

Figure 2. Cont.
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Figure 2. SEM images of the resulting nanostructured NiO coating, where (a–c) is a general view
of the iron wire coated with a nanostructured wall-shaped NiO layer and (d) the view of NiO
nanostructures at high magnification. Also, here (e) XRD spectrum of the resulting nanostructured
NiO coating on the Fe surface.

Here, the nickel hydroxide nanostructures are obtained, and further annealing results
in the formation of NiO nano-flakes due to the dehydration of nickel hydroxide as described
in Equation (6):

Ni(OH)2 → NiO + H2O (6)

2.4. Rye Seedling Cultivation and Sample Preparation

A standard peat-containing universal substrate and six square 10 cm × 10 cm con-
tainers for each sample group were utilized for seed germination and subsequent seedling
growth. Initially, during the first week of seed germination and early rye seedling devel-
opment, all containers were watered daily with 20 mL of deionized water per container.
From the second week onwards, the samples were divided into five groups. The first group
served as the control and continued to receive 20 mL of deionized water per container
daily. The second bunch of samples received daily irrigation with 20 mL of a 0.2 M aqueous
NaCl solution, and the third group was watered with 20 mL of an aqueous solution con-
taining 100 mg·L−1 ZnO nanoparticles. The fourth group, in order to explore the potential
development of salt stress tolerance influenced by ZnO nanoparticles, was treated with a
0.2 M NaCl solution supplemented with 100 mg·L−1 nanoparticles. The fifth group also
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received irrigation with a 0.2 M NaCl solution and a reduced concentration of nanopar-
ticles (50 mg·L−1). This treatment regimen was continued for three weeks, and the total
seedling growth time was four weeks. Growth conditions, including temperature (22 ◦C),
humidity (50%), and lighting, were maintained constant across all samples throughout the
experiment. After a one-month growth period, morphological differences among the rye
seedlings were assessed through manual measurements, including the determination of
the length of the first leaf, total seedling length, and total green weight and dry weight
per ten randomly selected seedlings from each group. Additionally, rye leaves from each
experimental group were dried in a laboratory oven at 50 ◦C and ground into powder
to conduct EDS microanalysis (INCA, OXFORD instruments, Oxford, UK), enabling the
determination of trace element content in the samples. For optical and electrochemical
measurements, rye leaves were cut into small pieces to facilitate extraction and then placed
in a flask with a liquid extraction medium. For optical absorption measurements, 125 mg of
green mass of rye seedlings per 5 mL of 96% ethanol were utilized for each sample group,
while for electrochemical measurements, 10 g of rye green mass per 250 mL of 0.1 M NaOH
were utilized. The above-mentioned samples were stored in a cool, dark environment
overnight to aid extraction. Subsequently, the obtained extracts were twice filtered through
fine filter paper to remove residual solid plant tissues.

2.5. Optical Measurements
Quantifying chlorophyll content is crucial for evaluating plant health, as its decrease

indicates stress impact. In this study, chlorophyll levels in both photosystem II (PSII) and
photosystem I (PSI) and the total amount of carotenoids were investigated by extracting
chlorophyll from the leaves of rye seedlings subjected to untreated conditions, salt stress,
and exposure to ZnO nanoparticles. To gauge the efficacy of ZnO nanoparticles in mitigat-
ing salt stress effects on rye seedlings, action spectra were measured from plants exposed to
NaCl for one month. Extract samples were prepared as detailed earlier and transferred to a
5 mL transparent plastic cuvette for analysis. Each sample treatment batch underwent five
replicate measurements, and the average value was taken. Analysis was performed using
a UV-visible two-beam spectrophotometer SHIMADZU UV-2550PC (Shimadzu Corpora-
tion, Kyoto, Japan). Chlorophyll and carotenoid content were determined using Arnon’s
Equations (7)–(10) [66,67]:

Chlorophyll a (mg·g−1) = [12.7 × Abs663 − 2.69 × Abs645] × Vextr/(1000 × Mfr) (7)

Chlorophyll b (mg·g−1) = [22.9 × Abs645 − 4.68 × Abs663] × Vextr/(1000 × Mfr) (8)

Total chlorophyll (mg·g−1) = [20.2 × Abs645 + 8.02 × Abs663] × Vextr/(1000 × Mfr) (9)

Carotenoid (mg/g) = [Abs480 + 0.114 × Abs663 − 0.638 × Abs645] × Vextr/(1000 × Mfr) (10)

where Vextr is extract volume in mL; Mfr is fresh weight in g; and Abs663, Abs645, and
Abs480 are solution absorbance values at a specified wavelength.

2.6. Electrochemical Measurements

Electrochemical measurements were conducted utilizing a custom-built electrochemi-
cal cell (Figure 3a) comprising a Fe/NiO nanostructured working wire electrode, a carbon
counter electrode, and an Ag/AgCl reference electrode.

The setup entails a glass beaker positioned within a water bath integrated with a
magnetic stirrer for precise temperature regulation and facilitating instant mixing of the
added substance throughout the entire volume of the working solution, as well as providing
a more efficient diffusion process between the surface of the electrode and the volume
of the analyzed liquid. A custom 3D-printed Acrylonitrile Butadiene Styrene (ABS) lid,
designed for precise working electrode fixation at a specific constant height, ensures
uniform electrode length and consistent sensing surface area throughout measurements,
even after replacing all three electrodes for the next measurement. The electrode is securely
held in a sealed plastic conic holder, allowing 1 cm of wire to be in contact with the analyte.
Additionally, the lid features a substantial central opening, facilitating the introduction of
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the analyte portion via micropipette during the measurement process and accommodating
supplementary equipment like a thermometer or pH meter. To perform electrochemical
measurements, this cell is connected to the Zahner Zennium electrochemical workstation.

Figure 3. Graphic illustration of the experiment, where (a) shows the schematic representation of the
electrochemical cell and (b) schematically displays the process of electrochemical determination of
H2O2 in rye samples released in rye samples under the influence of salt stress.

A schematic process for the electrochemical determination of stress levels in rye
samples is shown in Figure 3b.

A number of publications [48,49] indicate that before starting measurements to detect
H2O2, an electrode with NiO nanostructures must undergo pre-treatment. To do this, it is
immersed in an alkaline buffer and subjected to cyclometric scanning until the cyclograms
are stabilized. In our case, we carried out cyclometry for 10 min at a speed of 100 mV·s−1

in the range from −1.5 V to 1.5 V.
The pre-conditioning process generates stable oxide/hydroxide species on the sensor

surface, enhancing the sensitivity characteristics of the H2O2 sensor. This treatment is pro-
foundly significant for sensing purposes since Ni(II)/Ni(III) species like Ni(OH)2/NiOOH
function as pivotal catalytic sites. Ultimately, the exceptional electrocatalytic efficiency
toward H2O2 is linked to the generation of oxyhydroxide species (NiOOH) at relatively
high applied potentials, especially in alkaline conditions. These species effectively catalyze
the oxidation of H2O2, as indicated in Equation (11) [48,49]:

2NiOOH + H2O2 → 2Ni(OH)2 + O2↑ (11)

Cyclic voltammetry (CV) tests were conducted over a voltage span of −1.5 V to 0.5 V
vs. Ag/AgCl, with an initial potential (Estart) set at 0 V and a scan rate of 100 mV·s−1. To
evaluate electrode sensitivity, diverse H2O2 concentrations from 100 µM to 2 mM were
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added to the supporting electrolyte, and the resulting CV plots were recorded. Furthermore,
the impact of scan rate and electrolyte pH on the electrochemical signal was examined.

On CV graphs, the Fe/NiO electrode exhibited two peaks at approximately −0.4 V, and
−1.4 V corresponding to Ni(III)/Ni(II) reactions, as illustrated by Equations (12) and (13):

NiO + OH− − e− ↔ NiOOH (12)

Ni(OH)2 + OH− ↔ NiOOH + H2O + e− (13)

During the analysis of the current response, a constant potential of −1.4 V aligned
with the peak positions on the CV graph was applied to the electrochemical cell, and
the resulting current was measured. These chronoamperogram measurements were per-
formed in a 0.1 M NaOH supporting electrolyte. Following a stabilization period of 120 s,
successive additions of 25 µM H2O2 were introduced every 120 s to obtain a calibration
curve, covering a concentration range from 25 µM to 3 mM. During all measurements,
stirring was maintained using a magnetic stirrer at 1290 rpm in a water bath set at a
constant temperature of 25 ◦C. To mitigate potential interference from complex matrices
such as plant juice containing various salts, sugars, and plant tissues, interference testing
involved the introduction of 100 µM portions of NaCl, glucose, citric acid, and ascorbic
acid into the supporting electrolyte. Real sample analysis utilized a 0.1 M NaOH-based rye
extract diluted with a 0.1M NaOH-supporting electrolyte at ratio 1:6. Since the quantity
of H2O2 released in stressed rye samples was unknown, known concentrations of H2O2
were manually added to the analyte during measurements, and chronoamperograms were
recorded. The concentration of identified H2O2 was determined based on calibration graph
data for the supporting electrolyte, with the amount of H2O2 released in plants calcu-
lated as the difference between the total peroxide found and that artificially added during
measurement. Each measurement utilized 70 mL of analyte, and the peroxide amount
data utilized averaged results from multiple sample batches. To assess the stability of
the electrodes, a chronoamperogram for given H2O2 concentrations was taken every day
for a one-month-long period. Also, nanostructures after measurement were investigated
with SEM.

3. Results and Discussion

Rye seedlings after a month of growth are shown in Figure 4. Morphological measure-
ments are summarized in Table 1.

For a more correct comparison of the length of the seedling, due to the growth charac-
teristics and the impossibility of taking measurements along with the roots, measurements
were made as follows: The length of the first leaf was measured from the node from which
it began to grow to the end of the leaf. The total length of the seedling should also be
considered, from the first leaf node to the tip of the second.

A notable distinction is evident when comparing the overall seedling length. While
samples receiving nanoparticle-containing water exhibit relatively similar average lengths,
those subjected to salt stress without additional nanoparticle intervention experience con-
siderable growth inhibition, indicating the adverse impact of elevated NaCl concentrations.
Conversely, the inclusion of ZnO nanoparticles in the saline irrigation solution appears to
normalize plant length, suggesting a degree of salt stress tolerance development facilitated
by nanoparticles. This tolerance is further supported by the assessment of fresh weight
in 10 random plants. Salt-stressed samples demonstrate a nearly halved decrease in this
parameter, whereas those treated with both NaCl and ZnO nanoparticles show fresh weight
tendencies similar to the control group. A comparable trend is observed in leaf dry mass
comparisons. Although the control sample and those exposed solely to ZnO nanoparticles
exhibit increased seedling length compared to other samples, other parameters remain
largely unchanged.
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Figure 4. Rye seedlings after a fourth week of growth, 10 seedlings from each batch. (1)—control
sample, (2)—0.2 M NaCl treated sample, (3)—ZnO nPs 100 mg·L−1 treated sample, (4)—ZnO nPs
50 mg·L−1 and NaCl treated sample, (5)—ZnO nPs 100 mg·L−1 and NaCl treated sample. The
samples were grown for one month, one week under water irrigation, and three weeks exposed to
salt stress and ZnO nanoparticles.

Table 1. Morphological parameters of rye samples.

Sample First Leaf Length (cm),
Average and Maximal

Total Length of Green Part
(cm), Average and Maximal

Fresh Weight
of 10 Plants (g)

Dry Weight of
10 Plants (g)

Control 9 10 20 27 1.27 0.12

NaCl 8 9 14 19 0.7 0.10

nPs 100 mg·L−1 10 12 21 30 1.27 0.14

nPs 50 mg·L−1/NaCl 9 13 20 25 1.28 0.14

nPs 100 mg·L−1/NaCl 10 13 20 27 1.27 0.14

Moreover, after a month of growth, heightened mold growth is noted in trays con-
taining control samples and those solely receiving NaCl, whereas trays irrigated with
nanoparticles display significantly weaker mold growth, indicating a favorable fungicidal
effect of ZnO nanoparticles.

Table 1 reveals that there is no notable difference in the first leaf length; however,
the smallest measurement value is noted in samples treated with NaCl, while the largest
appears for ZnO nPs-treated samples with no difference in NaCl presented. Of particular
interest is the significant increase observed in the total shoot length for samples concurrently
treated with NaCl and ZnO nanoparticles. This increase in ZnO nPs-treated samples total
shoot length, is approximately 2–4 cm greater than in samples treated solely with NaCl.

When considering the fresh weight of 10 plants, it becomes apparent that NaCl-treated
samples exhibit the lowest values. However, this difference is considered insignificant
when the control sample is compared to the samples treated only with ZnO nanoparticles.
Noteworthy is the emphasis on samples watered simultaneously with NaCl and nanoparti-
cles. Their fresh weight for ten shoots is approximately 0.6 g greater than other samples, a
trend that persists even when the nanoparticle concentration is halved. Additionally, after
drying, the dry weight for ten shoots is nearly identical for all samples.

The results of EDS microanalysis for the content of microelements in dried samples
are summarized in Table 2.
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Table 2. Microelement content for rye shoot samples (in weight percent).

Element Control
(w%)

NaCl
(w%)

nPs 100 mg·L−1

(w%)
nPs 50 mg·L−1/NaCl

(w%)
nPs 100

mg·L−1/NaCl (w%)

C 54.13 56.46 54.22 56.4 54.26

O 36.42 31.67 35.07 29.49 33.26

Na 0.02 1.04 0.05 0.23 0.3

Mg 0.5 0.17 0.78 0.44 0.44

P 1.39 1.02 1.95 1.85 1.95

S 0.68 0.45 0.86 0.97 0.94

Cl 0.26 4.36 0.39 4.37 2.83

K 4.9 2.64 5.21 4.88 4.65

Ca 1.52 2.04 1.26 1.18 1.19

Fe 0.06 0.04 0.09 0.08 0.06

Cu 0.12 0.11 0.12 0.11 0.12

Total 100 100 100 100 100

Essential plant nutrients include magnesium (Mg), vital for chlorophyll synthesis
and enzyme activation; silicon (Si), enhancing disease resistance, cell wall strength, and
stress tolerance; phosphorus (P), crucial for ATP, nucleic acids, and nutrient transport;
sulfur (S), important for protein synthesis, chlorophyll formation, and photosynthesis;
potassium (K), regulating osmotic balance, stomatal function, and enzyme activity; calcium
(Ca), a structural component of cell walls, membranes, and signaling pathways; iron (Fe),
necessary for chlorophyll synthesis and electron transport; and copper (Cu), involved in
redox reactions, photosynthesis, and hormone metabolism. From Table 2, we see that in the
samples watered exclusively with NaCl solution, there is a significant excess of Na ions in
comparison with the control sample. Adding ZnO nanoparticles to the irrigation solution
leads to a decrease in the amount of Na ions. The addition of nanoparticles to the solution
for irrigation has practically no effect on the number of Cl ions; it remains the same for
a concentration of ZnO NPS of 50 mg·L−1 and only slightly decreases with an increase
to 100 mg·L−1 concentration. It is also clear that in samples watered only with NaCl, the
amount of important nutrients, such as P, Mg, S, etc., is decreased in comparison with the
control sample. It can be seen that the addition of nanoparticles helps to increase the level
of these nutrients. If we compare samples that were treated with ZnO nanoparticles and
were not exposed to salt stress with controls, we see an increase in the content of some
important nutrients. In general, these facts indicate that the addition of ZnO nanoparticles
to the irrigation solution containing NaCl helps to significantly reduce the harmful effects
of salt stress on rye samples and improves their vital functions.

The action spectrum for rye samples is illustrated in Figure 5, with corresponding
numerical data summarized in Table 3. Notably, distinct peaks are observed at 430 nm
and 663 nm, characteristic of chlorophyll a, and at 450 nm and 645 nm, indicative of
chlorophyll b, while carotenoids exhibit a peak at 480 nm. Comparing with the control,
a significant reduction in total chlorophyll content (over 50%) is evident in salt-stressed
samples without ZnO nanoparticle supplementation. Conversely, samples supplemented
with nanoparticles, not exposed to salt stress, exhibit a 26% increase in total chlorophyll
concentration compared to controls. Moreover, the addition of ZnO nanoparticles to
NaCl-containing water elevates the chlorophyll concentration to control levels. The peaks
at 429 nm and 455 nm merit special consideration. In samples subjected to salt stress
(both with and without nanoparticle supplementation), the peak at 429 nm, indicative of
chlorophyll a, predominates in height. Conversely, in samples unaffected by salt stress,
the peak at 455 nm, representing chlorophyll b, is more prominent. Carotenoid content
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mirrors total chlorophyll content, being minimal in salt-stressed samples and maximal
in nanoparticle-treated samples. Overall, the findings suggest that ZnO nanoparticle
supplementation enhances photosynthesis in rye samples, bolstering their vitality and
augmenting their tolerance to salt stress.

Figure 5. Chlorophyll absorbance measurements for rye samples grown for four weeks under
treatment with NaCl and ZnO nanoparticles.

Table 3. Changes in chlorophyll and carotenoid concentrations in rye samples grown under the
influence of salt stress and ZnO nanoparticles.

Chl (a), mg·g−1 Chl (b), mg·g−1 Chl (total), mg·g−1 Carot., mg·g−1

Control 0.8049 0.2643 1.0689 0.0443

NaCl 0.3923 0.1359 0.5280 0.0233

nPs 100 mg·L−1 1.0152 0.3357 1.3506 0.0540

nPs 50 mg·L−1/NaCl 0.7446 0.1979 0.9424 0.0430

nPs 100 mg·L−1/NaCl 0.7715 0.2590 1.0303 0.0441

This phenomenon could be attributed to ZnO ability to capture surplus sodium ions,
thus lowering their levels in the root area and thwarting their excessive absorption by
plants. Furthermore, nanoparticles might aid in the conveyance of vital nutrients and
minor elements, potentially amplifying their assimilation by plants and offsetting the
diminished nutrient intake resulting from salt stress.

In Figure 6, crucial electrochemical assessments are illustrated aimed at elucidating
the sensor’s characteristics and optimal operational parameters. In the presence of 0.1 M
NaOH, the NiO electrode displays two well-defined peaks at −1.4 V and −0.4 V. These
redox peaks signify a reversible transition between Ni(OH)2/NiOOH, as indicated by
Equations (12) and (13). Additionally, Figure 6a demonstrates that the introduction of H2O2
concentrations in the range of 100 µM to 2 mM into the supporting electrolyte elicits a
notable electrochemical response and increase in peak current value, indicating catalytic
processes on the NiO electrode influenced by hydrogen peroxide.

In Figure 6b, the relationship between the electrochemical response and scanning
speed is depicted for a constant concentration of H2O2 (2 µM) in the supporting elec-
trolyte. It’s evident that with increasing scanning speed, both peaks substantially heighten.
However, upon surpassing the 100 mV·s−1 threshold, the peak becomes less distinct at a
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potential of −1.4 V, accompanied by additional noise in the cyclic voltammogram. Taking
these observations into account, a scanning speed of 100 mV·s−1 was deemed optimal for
subsequent experiments.

Figure 6. (a) CV graph of a nanostructured NiO nanowall-based electrode obtained in a 0.1 M
NaOH supporting electrolyte and in solutions containing H2O2 in a concentration range of 100 µM
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 H2O2. (c) Dependence of the
electrochemical response of the NiO electrode on solution pH. Measurements were performed in a
supporting electrolyte containing 2 mM H2O2 and different concentrations of NaOH at a scanning
rate of 100 mV·s−1. (d) Dependence of the electrochemical response of the NiO electrode on the
stirring speed of the analyzed solution. The measurements were carried out in a 0.1 M NaOH solution
containing 2 mM H2O2 with a scanning speed of 100 mV·s−1. The stirring speed was controlled with
a magnetic stirrer.

As the scanning speed increases, we observe a horizontal shift of both peaks towards
higher potential values. The shift in potential value for the peak in cyclic voltammetry
with increasing scanning speed can be attributed to the kinetics of the electrochemical
reactions occurring at the electrode surface. As the scanning speed increases, the rate of
mass transport of species to and from the electrode surface also increases. This can lead to
changes in the concentration gradients of electroactive species near the electrode, affecting
the kinetics of the redox reactions. Consequently, the peak potential may shift due to
changes in the reaction rates and the associated overpotential required for the reactions
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to proceed. Additionally, higher scanning speeds can result in increased double-layer
charging currents, which may influence the observed peak potential.

In Figure 6c, the dependence of the electrochemical response on the pH of the sup-
porting electrolyte is illustrated at a constant H2O2 concentration of 2 mM and a scanning
speed of 100 mV·s−1. It’s evident that for pH values ranging from 10 to 11.5, characteristic
peaks are practically absent in the cyclogram. However, upon reaching pH 12, a clear
electrochemical response emerges with two well-defined peaks, whose height continues
to increase with further pH elevation. However, pursuing higher pH levels becomes im-
practical as it necessitates working with high-concentration alkalis, leading to increased
reagent usage, potential environmental hazards, and the corrosion of cell elements. Hence,
the optimal solution is represented by 0.1 M NaOH, offering a pH of 13 without the need
for excessive reagents, ensuring both efficiency and environmental friendliness.

The catalytic reaction and electrochemical response of a NiO electrode typically in-
crease with higher pH levels due to several factors. Firstly, the surface of the NiO electrode
becomes more negatively charged in alkaline conditions, facilitating the adsorption of
positively charged species involved in the catalytic process. This increased surface charge
density promotes their interaction with the electrode surface, enhancing the overall elec-
trochemical process. Additionally, alkaline environments generally offer more favorable
reaction kinetics, allowing for faster electron transfer and more efficient conversion of
reactants to products. The higher concentration of hydroxide ions in alkaline solutions
further promotes the availability of reactive species, leading to enhanced catalytic activity
and electrochemical response. Moreover, certain active species formed during the catalytic
reaction may exhibit greater stability in alkaline conditions, contributing to prolonged
catalytic activity and sustained electrochemical response over time. Overall, the influence
of pH on the NiO electrode promotes favorable conditions for catalytic reactions, resulting
in improved electrochemical performance. In Figure 6d, the electrochemical response of
the nanostructured electrode is plotted against the stirring speed of the analyzed solution.
Notably, an increase in stirring speed corresponds to a rise in the height of the redox peaks.
This trend mirrors the observations seen in the dependency of electrochemical response on
scanning speed (Figure 6b), attributed to heightened mass transfer rates of particles from
the solution bulk to the electrode surface, altering reaction kinetics. The optimal stirring
speed was determined to be 1290 rpm, striking a balance between significant response
enhancement and the prevention of excessive bubble formation that could interfere with
signal reception. Moreover, excessively high stirring speeds risk inducing funnel formation
and mechanical damage to electrodes, particularly the delicate carbon electrode.

In Figure 7a, the stability of the NiO nanostructured electrode over time is demon-
strated, under the condition that the samples were stored at room temperature without
protection from environmental factors.

To monitor this, the peak current value was measured for a potential of −1.4 V in a
0.1 M NaCl supporting electrolyte with a 2 M H2O2 concentration and a scanning speed of
100 mV·s−1. Measurements were taken every second day. It is evident that over a span of
30 days, the peak current value decreased by no more than 4%, indicating the electrode’s
high stability and minimal degradation over time. Figure 7b depicts the variation in the
current peak value with repeated usage of the same electrode multiple times. Measurements
were conducted under identical electrochemical parameters, with the electrode being rinsed
with distilled water and annealed at 450 degrees for 30 min after each measurement. It
can be observed that the electrode’s efficiency remains nearly unchanged up to the sixth
measurement, with a subsequent 7% decrease in value on the tenth attempt. Figure 7c
presents a SEM image of the electrode surface after ten uses, revealing that while the surface
retains characteristic plates, the thinnest ones have fused together, resulting in a slight
reduction in surface area and, consequently, a decline in efficiency.
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Figure 7. The long-term stability assessment of the wall-like nanostructured NiO electrode is depicted
in (a). It evaluates the variation in the maximum current peak value over time. Graph (b) illustrates
the electrode’s potential for repeated use, demonstrating the alteration in the maximum peak current
concerning the electrode’s reuse frequency. Additionally, (c) presents a SEM image portraying the
electrode surface after multiple uses.

Figure 8a showcases the chronoamperogram obtained upon the addition of H2O2 to
the supporting electrolyte, ranging from 25 µM to 4 mM. It’s evident that both low doses
(25 µM) and substantial doses (500 µM) of H2O2 induce a clear and distinct electrochemical
response, forming a characteristic step whose height correlates with the added H2O2
amount. A calibration curve (Figure 8b) was obtained based on this data, displaying a
linear relationship across the entire concentration range of H2O2. The sensitivity of the
NiO nanostructured sensor stands at 2474 µA·mM−1, with a calculated limit of detection
(LOD) of 1.59 µM, assuming a signal-to-noise ratio of 3. As previously noted, plant juice
presents a complex composition comprising various elements such as sugars, organic acids,
and solid cellular structures.. Hence, in the development of an electrochemical sensor
tailored for these analytes, it’s imperative to mitigate the risk of erroneous electrochemical
responses due to interfering substances. To address this concern, interference testing was
conducted by introducing substances like NaCl, glucose, citric acid, and ascorbic acid
alongside H2O2. As depicted in Figure 8d, none of the interferents elicited a significant
electrochemical response, underscoring the sensor’s high sensitivity in discerning H2O2 in
intricate plant analytes.
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Figure 8. (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, achieved by introducing H2O2 in concentra-
tions ranging from 25 µM to 4 mM. (b) A calibration curve illustrating the concentration–current
relationship. (c) An interference study examining the impact of H2O2 addition (1) alongside common
plant interferents, including NaCl (2), glucose (3), citric acid (4), and ascorbic acid (5). (d) Analysis
of real samples presenting chronoamperograms obtained through incremental addition of H2O2,
ranging from 25 µM to 200 µM with 25 µM increments, to the rye seedling extract samples.

Figure 8d presents chronoamperograms from the analysis of real rye samples for H2O2
content. The numerical values of detected H2O2 released in samples under the influence
of salt stress are summarized in Table 4. The highest levels of H2O2 released during the
growth process were detected in samples irrigated with NaCl and reached the 500 µM level.
However, introducing ZnO nanoparticles to the saline irrigation solution notably reduced
the H2O2 concentration, with the extent of reduction dependent on the ZnO nanoparticle
concentration (more than 60% for 50 mg·L−1 and more than 75% for 100 mg·L−1 compared
to samples irrigated with only NaCl).

In the chronoamperogram, at lower added concentrations (steps 1–3), the measured
H2O2 content tends to be lower than the actual amount but stabilizes around the fourth step
(from 100µM concentrations) across all graphs, aligning with the slopes of both the buffer
chronoamperogram and the plant extract chronoamperograms. This initial underestimation
of the electrochemical response appears to be linked to specific plant components present
in the rye samples, influencing the measurement process. Notably, this phenomenon is
absent in pure buffer solutions, where the chronoamperogram displays a corresponding
slope even with the first H2O2 infusions. While additional filtration helps improve the
electrochemical response, it doesn’t completely resolve the issue, prompting further explo-
ration into alternative extraction methods or mathematical adjustments. Nevertheless, it’s
important to reiterate that despite these minor challenges, the detected H2O2 concentrations
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significantly surpass those of control samples, indicating the onset of oxidative stress under
NaCl influence and the sensor’s effectiveness in detecting H2O2 in plant samples with
complex chemical compositions.

Table 4. Analysis of real rye extract samples for the presence of H2O2 as a marker of oxidative stress.

Buffer Control NaCl

Added
(µM)

Found
(µM)

Excess
(µM)

Added
(µM)

Found
(µM)

Excess
(µM)

Added
(µM)

Found
(µM)

Excess
(µM)

25 25 0 25 53 28 25 389 364

50 50 0 50 80 30 50 465 415

75 75 0 75 105 30 75 526 451

100 100 0 100 148 48 100 608 508

125 125 0 125 172 47 125 638 513

150 150 0 150 199 49 150 673 523

175 175 0 175 226 51 175 703 528

200 200 0 200 255 55 200 727 527

nPs 100 mg·L−1 nPs 50 mg·L−1/NaCl nPs 100 mg·L−1/NaCl

Added
(µM)

Found
(µM)

Excess
(µM)

Added
(µM)

Found
(µM)

Excess
(µM)

Added
(µM)

Found
(µM)

Excess
(µM)

25 30 5 25 128 103 25 86 61

50 57 7 50 158 108 50 114 64

75 101 26 75 220 145 75 148 73

100 126 26 100 263 163 100 198 98

125 149 24 125 295 170 125 225 100

150 172 22 150 327 177 150 273 123

175 193 18 175 358 183 175 294 119

200 208 8 200 382 182 200 318 118

Table 5 offers a comparative analysis of the sensor developed in this study with other
Ni-based sensors reported in the literature. It is evident that in many instances, our sensor
exhibits sensitivity and a LOD on par with or even superior to those reported in previous
studies. The deliberate choice of a small surface area was made to minimize wire electrode
vibrations during solution stirring, yet the resulting sensitivity remains adequate for the
intended analyte. However, if required, sensitivity can be enhanced by increasing the
working surface area through the substitution of wire electrodes with metal plates. Notably,
our sensor provides stable performance in plant analytes, eliminating the need for complex
sample pre-processing. Looking ahead, this electrode holds potential for integration into a
compact multisensory system comprising wire electrodes coated with nanostructures of
various metal oxides (such as CuO, Co3O4,TiO2, ZnO, etc.).

Table 5. Comparative analysis of electrochemical sensors based on NiO presented in other sources.

Electrode Sensitivity Linear Range LOD Reference

NiO NPs/GCE - 8.6 nM–433.24 µM 4.28 nM [46]

GCE/CNT-PEI@NiO 830 mA·M−1·cm −2 0.004–0.8 mM 1.0 µM [47]

NiO TF-ITO 807 mA·M−1·cm−2 0.011–2.4 mM 3.22 µM [48]

NiO-NSs/CF-1801/GCE 23.30 µA·mM−1·cm−2 0.20–3.75 mM 13.03 nM [49]
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Table 5. Cont.

Electrode Sensitivity Linear Range LOD Reference

Co3O4/NiO-NSs/CF-1801 7.67 mA·mM−1·cm−2 0.20–4.00 mM 5.51 µM [50]

Ni(OH)2 nPs 1660 µA·mM−1·cm−2 30–320 µM 26.4 µM [51]

Fe-NiO NW 15.46 mA·mM−1·cm−2 0.025–4.00 mM 1.59 µM This work

4. Conclusions

This study successfully developed a working electrode for an electrochemical sensor
based on Fe wire and wall-shaped NiO nanostructures, demonstrating high sensitivity
(2474 µA·mM−1 or 15.46 mA·mM−1·cm−2) and a low limit of detection (1.59 µM) with
good selectivity against common interferents found in plant samples. Moreover, the
sensor exhibited excellent long-term stability, retaining over 95% of its effectiveness after
30 days. Employing this sensor, the research investigated the negative impact of salt
stress on rye seedlings and assessed the potential mitigating effects of ZnO nanoparticles.
Results revealed significant H2O2 release in plants under salt stress conditions (up to
500 µM), indicating oxidative stress. However, the addition of ZnO nanoparticles to the
irrigation water containing NaCl led to a reduction in released H2O2 by 60–70%, suggesting
enhanced salt stress tolerance. This reduction in oxidative stress, detected by the NiO-
based electrochemical sensor, was further supported by chlorophyll optical absorption
measurements. It was found that samples treated with NaCl exhibited a 50% decrease
in total chlorophyll content compared to controls, while those treated with NaCl and
ZnO nanoparticles showed chlorophyll levels comparable to the control. Additionally, the
application of ZnO nanoparticles without salt stress increased total chlorophyll content by
over 25% compared to controls. These comprehensive results highlight the potential of the
developed nanowalled NiO electrochemical sensor to work with real plant analytes and
suggest promising applications of NiO nanoparticles to alleviate oxidative stress in plants
subject to salt stress.
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