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This article describes the synthesis of nanostructured cobalt oxide on iron wires and its 
application for the detection of hydrogen peroxide as working electrode for non-enzymatic 
electrochemical sensor. Cobalt oxide was obtained by the hydrothermal synthesis method using 
chloride and acetate anions. The resulting nanostructured coating obtained from the chloride 
precursor is a uniform homogeneous porous network of long nanofibers assembled into regular 
honeyсomb-like formations. In the case of an acetate precursor, instead of nanofibers, petal-like 
nanostructures assembled into honeycomb agglomerates are observed. The structure, surface, 
and composition of the obtained samples were studied using field-emission scanning electron 
microscopy along with energy-dispersive spectroscopy and X-ray diffractometry. 

The resultant nanostructured specimens were utilized to detect H2O2 electrochemically 
through cyclic voltammetry, differential pulse voltammetry, and i-t measurements. A compara-
tive research has demonstrated that the nanostructures produced from the chloride precursor 
exhibit greater sensitivity to H2O2 and have a more appropriate morphology for designing 
a nanostructured sensor. A substantial linear correlation between the peak current and H2O2 
concentration within the 20 to 1300 μM range was established. The Co3O4 electrode obtained 
exhibits a sensitivity of 505.11 μA·mM−1, and the electroactive surface area is calculated to 
be 4.684 cm2. Assuming a signal-to-noise ratio of 3, the calculated limit of detection is 1.05 
μM. According to the interference study, the prevalent interfering agents, such as ascorbic 
acid, uric acid, NaCl, and glucose, do not influence the electrochemical reaction. The obtained 
results confirm that this sensor is suitable for working with complex analytes.The actual sam-
ple assessment demonstrated a recovery rate exceeding 95 %. 

Keywords: Electrochemical sensor, cobalt oxide, cyclic voltammetry, hydrogen peroxide, 
nanostructures.
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1. INTRODUCTION

Hydrogen peroxide is a strong oxi-
dant and has found wide application in 
chemical industry, paper production, 
medicine and food industry. [1] Since 
hydrogen peroxide is considered rela-
tively safe for humans [2]–[5] it has 
found wide application as a bleaching 
and disinfecting agent in various house-
hold chemicals, cosmetics and medi-
cal products. In a number of countries, 
hydrogen peroxide is used for water 
treatment [6]–[8] and preservation of 
food products (for example, milk) [9], 
[10]. 

In living organisms, hydrogen per-
oxide is formed as a result of incomplete 
reduction of oxygen during metabolism 
and is one of the most important reactive 
oxygen species, which are a by-product 
of many physiological and pathophysi-
ological processes, such as metabo-
lism, iron proliferation and homeosta-
sis, antioxidant and anti-inflammatory 
response, response to DNA damage 
and many others. That is why various 
reactive oxygen species (and H2O2, in 
particular) are always present in living 
organisms in small concentrations [11]. 

However, when the antioxidant 
defense of the body fails and the con-
centration of reactive oxygen species 
exceeds natural values, an  oxidative 
stress occurs. Oxidative stress leads 
to a damage of nucleic acids, proteins 
and lipids, which is the cause of vari-
ous pathological conditions, such as 
accelerated aging of the body, neuro-
degeneration, and can also provoke the 
development of serious diseases such as 
atherosclerosis and diabetes [12]–[16].

An increase in the concentration of 
hydrogen peroxide can also be associ-

ated with cancer: it has been proven 
that malignant tumor cells contain up to 
100 μM H2O2, while the concentration 
of H2O2 in normal cells usually does 
not exceed 20 nM [17]–[20]. For some 
types of cancer, such as lung cancer, an 
increase in the concentration of H2O2 
in the exhalation is characteristic [18], 
as well as an increase in the concentra-
tion in the blood [21]–[23]. That is why 
the determination of the concentration 
of hydrogen peroxide in the blood and 
other biological fluids can serve as an 
additional method for diagnosing these 
diseases [24]–[26]. 

In various publications, the concen-
tration of H2O2 in the blood plasma of 
a healthy person is indicated in a very 
wide range from 1 μM to 40 μM. The 
indicated maximum, although not fatal, 
is quite stressful and destructive for the 
cells. Probably, overestimated concen-
tration values   were obtained as a result 
of the peculiarities of the measurement 
protocol and under the influence of 
interfering substances that contribute 
to the obtained value. Since the level of 
hydrogen peroxide in living organisms 
is maintained by regulatory mecha-
nisms, and in particular by peroxidase 
and catalase, the most probable con-
centration of peroxide in the blood of 
a healthy individual is in the range of 
1–5 μM. However, the possibility of an 
increase in the concentration of hydro-
gen peroxide due to the presence of the 
aforementioned diseases should not be 
ruled out. Therefore, during the experi-
ment it is very important to carefully 
study the influence of other substances 
on the accuracy of the measurement in 
order to exclude the possibility of the 
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influence of interferents and to distin-
guish a false increase in concentration 
due to the influence of foreign sub-
stances from an increase caused by a 
disease. In addition to medicine, rapid 
and accurate determination and control 
of the H2O2 concentration is an impor-
tant task in many other areas, including 
pharmaceuticals [27], [28], food pro-
duction [29]–[32], and environmental 
protection [33].

A number of conventional methods 
used for concentration measurements for 
various chemicals (such as titration [34], 
[35], chemiluminescence [36], [37], and 
spectrophotometry [38]–[40]) are not 
suitable for H2O2 determination. These 
methods have a list of disadvantages 
such as the need for complex equipment 
(as a result, the need to transport the 
sample to the laboratory), low sensitiv-
ity, significant measurement time, and 
the need for manual sample preparation. 
These factors can significantly affect the 
measurement accuracy due to degrada-
tion of samples and changes in the con-
centration of hydrogen peroxide due to 
its natural decomposition in the process 
of sample storage and preparation.

Therefore, at present, the method of 
electrochemical detection has become 
widespread [41]–[44]. This method is 
simple, fast, and accurate. The selec-
tivity of this method allows to avoid a 
false increase in concentration and elim-
inating the influence of interfering sub-
stances [45], [46]. Based on this method, 
it has already become possible to create 
portable devices that allow measure-
ments to be taken directly at the place 
of sampling without transportation. This 
can be relevant both in the field of med-
icine and in the field of environmental 
monitoring, in particular for monitoring 
the quality of wastewater.

 Electrochemical measurements use 
working electrodes that can either be 
modified or unmodified. Modified elec-
trodes are functionalized with redox-
active enzymes to ensure accurate and 
selective measurements, such as the 
widely used horseradish peroxidase for 
detecting hydrogen peroxide [47]–[50]. 
However, using enzymes comes with 
significant drawbacks, such as increased 
production costs and reduced electrode 
stability due to their vulnerability to 
thermal and chemical damage. To over-
come these drawbacks, non-enzymatic 
electrochemical sensors are becoming 
more popular, where H2O2 interacts 
directly with the electrode material, 
resulting in catalytic processes that pro-
duce an unambiguous electrochemical 
response [51]–[54].

Carbon materials [20], as well as 
thin films of metals [55], [56],  and metal 
oxides [57], [58] are widely used as sen-
sor materials. Utilizing these substances 
in the nanopowder and nanostructure 
configuration enables a substantial 
enhancement in sensor sensitivity by 
multiplying the active surface area of 
the functioning electrode[59].

Among the nanostructured materials 
used, cobalt oxide (Co3O4) is a promis-
ing candidate [60], [61].

Cobalt oxide is widely employed in 
supercapacitors and sensors for vari-
ous applications, including glucose and 
hydrogen peroxide sensors. It exhibits 
diverse morphologies such as nano-
cubes, nanoplates, and nanowhiskers, 
which can be controlled by altering 
the precursor ions during hydrothermal 
synthesis (commonly chloride, nitrate, 
acetate, and cobalt sulfate) and incor-
porating structure-directing agents like 
ammonia, ethanol, and alkali solutions.

A commonly used method to apply 
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Co3O4 nanostructures onto electrodes 
involves obtaining them as a powder 
[62], followed by dipping or drop coat-
ing techniques with a porous substrate 
[63] or binder polymers [64]. However, 
this approach has drawbacks, such as 
uneven suspension distribution leading 
to variations in electrochemical prop-
erties, repeatability issues, poor adhe-
sion, and low mechanical stability of 
the coating. These challenges can be 
overcome by utilizing a hydrothermal 
growth process, enabling the epitaxial 
growth of well-ordered nanostructured 
layers directly onto the wire electrode 
substrate, facilitated by specific anions 
or additives. 

This technique results in the forma-
tion of nanostructures with a significant 
active surface area, facilitating an effi-
cient electron charge transfer between 

Co3O4 nanostructures and the substrate 
due to high-density honeycomb-like 
nanostructured aggregates.

This article focuses on the prepara-
tion of nanostructured Co3O4 electrodes 
using the hydrothermal method and 
demonstrates the exceptional selectiv-
ity and sensitivity of the resulting wire 
electrodes in electrochemically detect-
ing H2O2. The study also investigates 
the influence of precursor anions on the 
nanostructure’s morphology and, conse-
quently, the sensor’s sensitivity. Essen-
tial electrochemical measurements have 
been performed to determine H2O2 con-
centrations in aqueous solutions using 
the developed sensor, and experiments 
have been conducted to detect H2O2 in 
real samples of UHT milk and contact 
lens storage liquid.

2. MATERIALS AND METHODS

2.1 Materials

Merck was the source of Cobalt(II) 
chloride hexahydrate (CAS number: 7791-
13-1), cobalt(II) acetate tetrahydrate (CAS 
number: 6147-53-1), hexamethylenetetra-
mine CH4N2O (CAS number: 100-97-0), 
sodium hydroxide (NaOH, CAS number: 
1310-73-2), and 30% hydrogen peroxide 
solution (H2O2, CAS number: 7722-84-1). 
The reagents were of at least 99.8% purity. 
Ascorbic acid (C6H8O6, CAS number: 
50-81-7), uric acid (C5H4N4O3, CAS num-

ber: 69-93-2), glucose (C6H12O6, CAS num-
ber: 50-99-7), and sodium chloride (NaCl, 
CAS number: 7647-14-5) were procured 
from Sigma Aldrich and were also of at 
least 99.8% purity. The laboratory obtained 
distilled water. Iron wire (99.9% purity, 2 
mm thickness) and Ag/AgCl wire were pro-
cured from Sigma Aldrich and A-M Sys-
tems, USA, respectively. Additionally, car-
bon rods (5 mm diameter) were purchased 
from Sigma Aldrich.

2.2 Co3O4 Layer Synthesis on Iron Wire

Iron wire was used as a base to obtain 
the nanostructured layer. Prior to the 
synthesis of the nanostructured coating, 
the wire was treated with fine sandpaper 
and immersed in 0.1 M HCl to increase 

the roughness of electrode surface and 
improve the adhesion of the nanostruc-
tures. An equimolar aqueous solution of 
0.1 M CoCl2*6H2O and CH4N2O was 
mixed in 80 mL distilled water to form 
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a red violet growth solution. The solu-
tion was stirred until the solid reagents 
dissolved completely and then moved 
with the pretreated iron wire together 
into a 100 mL glass beaker covered 
with a glass lid in the preheated oven. 
The growth took place at 5 h and 95 ºC, 
resulting in a dull pink Co(OH)2 coat-
ing on the wire. Once cooled to room 
temperature, the substrate was rinsed 
with deionized water multiple times to 
eliminate any leftover reagents and sub-
sequently dried at 80ºC overnight. The 
growth process was followed by ther-
mal decomposition of Co(OH)2 for 1 h 
at 450 ºC to obtain Co3O4. After anneal-
ing, a black, homogeneous Co3O4 coat-
ing was observed on the wire surface.

To investigate how the acetate anion 
affects the morphology of Co3O4 nano-

structures, 0.1 M (CH3COO)2Co*4H2O 
was used. The rest of the synthesis pro-
cess took place under the same param-
eters as in the case with the use of cobalt 
chloride.

The surface morphology of the nano-
structured Co3O4 samples was examined 
using field-emission scanning electron 
microscopy (FESEM, Tescan MAIA 3), 
while energy-dispersive spectroscopy 
(EDS, Inca Synergy) was used to deter-
mine their chemical composition. The 
crystalline structure of the samples was 
determined using an X-ray diffractom-
eter (RIGAKU Smart Lab, Cu Kα [λ = 
1.543 Å]), which employed a parallel 
beam scanning geometry and an addi-
tional Ge(220) × 2 bounce monochro-
mator.

3. ELECTROCHEMICAL MEASUREMENTS

To ensure an improved electrical con-
tact with the equipment, wire samples 
coated with nanostructures were cut into 3 
cm long pieces, and the end of one side was 
stripped to expose pure iron over a length 
of 1 cm. The measurements were conducted 
using an electrochemical station (Zanher, 
Germany), employing a three-electrode cell 
setup. The cobalt oxide-coated iron wire 
served as the working electrode, a 2 mm 
diameter Ag/AgCl wire acted as the refer-
ence electrode, and a 5 mm diameter car-
bon rod functioned as the counter electrode. 
Cyclic voltammetry (CV) was performed 
within the range of -1.3 V to 0.5 V vs Ag/
AgCl, with an initial potential of 0 V and a 
scan rate of 100 mV·s-1. A buffer solution 
of 0.1 M NaOH was utilized. For the detec-
tion of H2O2, concentrations ranging from 
0.2 mM to 5 mM were employed, includ-
ing 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4, and 5 mM. 

Each concentration was tested five times, 
and the resulting graphs in subsequent sec-
tions represent the averaged data from all 
measurements. The relationship between 
the electrochemical current response and 
solution pH and scanning speed was ana-
lysed to achieve maximum sensitivity of 
the sensor. Impedance spectroscopy was 
performed across a frequency range of 1 
Hz to 100 kHz, with an applied signal volt-
age of approximately 0.25 V. To investigate 
the current response, a fixed voltage of U = 
-1.23 V vs Ag/AgCl was applied to the cell, 
and the resulting current was measured. A 
buffer solution of 0.1 M NaOH was used for 
the experiment. Initially, the measurement 
was conducted in a buffer solution without 
hydrogen peroxide, allowing for a stabiliza-
tion period of 120 s. Subsequently, 20 µM 
portions of H2O2 were added at intervals of 
120 s. The concentration of H2O2 ranged 
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from 20 µM to 1300 µM, with increments 
of 20 µM in the range of 0–200 µM, 50 µM 
in the range of 250–700 µM, and 100 µM in 
the range of 800–1300 µM. The measure-
ment was carried out with continuous stir-
ring using a magnetic stirrer. 

To examine the interference of com-
monly encountered substances, a constant 
voltage of U = -1.23 V vs Ag/AgCl was 
applied to the cell, and the resulting current 
was measured. A buffer solution of 0.1 M 
NaOH was used for the experiment. The 
measurement began with a pure buffer solu-
tion (0 µM H2O2), and every minute, H2O2 
or an interferent was added to the solution at 
a concentration of 100 µM. The substances 
were added in the following order: H2O2, 
ascorbic acid, uric acid, glucose, and NaCl. 
This cycle was repeated three times, and 
the measurement was conducted with con-
tinuous stirring using a magnetic stirrer. To 

demonstrate the practical application poten-
tial of Co3O4 nanostructured electrodes 
in electrochemical sensor development, 
ultra-high temperature processed (UHT) 
milk and contact lens storage solution 
were investigated. These substances have 
complex compositions and were chosen to 
assess the impact of the sample matrix on 
the sensor’s accuracy. Milk with 3.2% fat 
content was purchased from a local super-
market, and contact lens storage solution 
(Diviniti Ocean Moist multi-purpose con-
tact lens care solution) was obtained from 
a local optical salon. To minimize the influ-
ence of the sample matrix, the milk and lens 
storage solution was diluted in a 1:2 ratio 
with a standard 0.1 M NaOH buffer solu-
tion. The amperometric response method 
was employed for the analysis, with U = 
-1.23 V vs Ag/AgCl.

4. RESULTS AND DISCUSSION

As a result of the hydrothermal synthe-
sis, a homogeneous black coating with good 
adhesion to the surface has been obtained. 
High mechanical resistance allows for the 
pretreatment of samples necessary for the 
electrochemical measurements to be carried 
out and storage without loss of their quality. 

SEM images of the Co3O4 nano-
structures with nanoporous morphology 
obtained from the precursor of cobalt chlo-
ride and urea are shown in Fig. 1(a–b). The 
surface of the wire is covered with a homo-
geneous porous network of long nanofibers 
assembled into regular honeyсomb-like for-
mations.

The acetate anion has effectively 
changed the morphology of the Co3O4 
nanostructures. A network of honey-
comb formations is still observed on 
the surface; however, instead of nano-

structured fibers, they consist of very 
thin petal-like structures. In addition, 
the honeycombs themselves are much 
smaller in size compared to the chloride 
anion-assisted ones.

The formation of the honeycomb-like 
nanoporous Co3O4 structures typically 
involves the following reactions: [65]:

CoCl2 → Co2+ + 2Cl-  (1)

(H2N)2-CO + 2H2O → 2NH3 + CO2                 (2)

NH3 + H2O → NH4+ + OH-                         (3)

Co2+ + 2OH- → Co(OH)2                       (4)

3Co(OH)2 → Co3O4 + 2H2O + H2                  (5)

During annealing, the Co(OH)2 com-
pound undergoes a thermodynamically 
unstable state and transforms into the Co3O4 
phase [66].
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Fig. 1. The study of the anion effect on the morphology of the Co3O4 nanostructures. Co3O4 
nanostructures obtained from the precursor of cobalt chloride and urea (a-b), Co3O4 nanostructures 

obtained from the precursor of cobalt acetate and urea (c–d).

According to [67], a proposed 
growth mechanism for Co3O4 nanow-
ires involves the initial generation of 
Co nuclei, which gradually undergo a 
transformation into small nanoparticles. 
These nanoparticles then serve as nuclei 
for the growth of larger particles. This 
growth process is energetically favor-
able due to a decrease in surface energy 
as the nanoparticle size increases. To 
minimize surface energy, the small 
nanoparticles undergo an aggregation 
process, leading to the formation of 
larger nanoparticle aggregates.

The dynamic behavior of these 
aggregates enables them to move within 
the solution and come into contact with 

neighboring nanoparticles. As a result, 
they merge together, forming short chain 
structures that act as templates for the 
formation of elongated rod-like struc-
tures. During the later stages of growth, 
attaching new Co nuclei to existing 
nanoparticle agglomerates becomes 
more energetically favorable than creat-
ing individual nanoparticles. As a result, 
the chains formed during this stage fur-
ther develop into complete nanofibers, 
exhibiting an increase in linear dimen-
sions based on the growth anisotropy 
along various crystallographic planes. 

Since the nanofibers are quite thin 
and long, they are not able to maintain 
a vertical position, so they tilt, meet 
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with neighboring structures, and con-
tinue growing in groups to form a cel-
lular surface structure. The variation 
in the morphology of nanostructures 
achieved by using cobalt acetate as the 
precursor can be elucidated as follows. 
Acetate ions possess surfactant proper-
ties, functioning as capping agents dur-
ing the growth of nanostructures. These 
ions contain charged regions that can 
selectively attach to specific crystallo-
graphic planes, impeding growth along 
those directions and stimulating growth 
in atypical directions.

In the case of cobalt acetate, the 
growth of nanofibers in length is hin-
dered as acetate ions block this par-
ticular growth direction. Instead, the 
formation of 2D structures becomes 
prominent. Moreover, the extensive 
blocking of numerous crystallographic 
planes restricts the complete develop-
ment and enlargement of the initial gen-
eration nanostructure. Consequently, 
recurrent renucleation and attachment 
occur, resulting in the formation of sec-

ond-generation nanostructures. These 
nanostructures are often smaller in size 
and exhibit lower crystallinity.

As a result, a network of second-gener-
ation nanostructures is established, and the 
overall nanostructured coating possesses 
reduced crystallinity compared to the origi-
nal process conducted without acetate ions. 
This observation is further supported by the 
X-ray diffraction pattern of the obtained 
samples (Fig. 2). Specifically, the nano-
structures produced with the presence of 
acetate ions exhibit less prominent peak 
heights corresponding to crystallographic 
planes and demonstrate a higher amorphous 
background.

In addition, EDS microanalysis con-
firmed the high chemical purity of the 
obtained samples. The composition of 
the samples consists of cobalt (47.22 
at. %) and oxygen (52.78 at. %) atoms, 
indicating the absence of any foreign 
impurities. This analysis further sup-
ports the quality and integrity of the 
Co3O4 nanostructures. Figure 2 displays 
the results of XRD analysis. 

Fig. 2. X-ray diffraction pattern of CO3O4 nanostructured samples synthesized via the hydrothermal method. 
The red and black curves correspond to the chloride anion-assisted structures and the acetate anion-assisted 

samples, respectively.
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The peaks shown in the graph corre-
spond solely to Co3O4, indicating a high 
purity of both samples without any extra-
neous phase inclusions. While the presence 
of a background suggests the existence of 
an amorphous phase, the clear and distinct 
peaks demonstrate the crystalline nature of 
the obtained Co3O4 nanofibers. The X-ray 
diffraction pattern exhibits multiple crystal-
lographic planes related to the Co3O4 lat-
tice, with the dominant orientation perpen-
dicular to the (3,1,1) planes. As illustrated 
in Fig. 2, the intensity of the peak for the 
(3,1,1) plane is higher for the chloride pre-
cursor sample than that for the acetate pre-
cursor sample, indicating a higher level of 
crystallinity in the former.

To assess the performance of the nano-
structured electrode, cyclic voltammetry 
(CV) was employed at a scan rate of 100 
mV·s−1 in a 0.1 M NaOH electrolyte for 
the detection of H2O2. Figure 3a presents 
the CV results obtained with and without 
the addition of H2O2 to a 0.1 M NaOH buf-
fer solution, focusing on Co3O4 nanofibers 
derived from chloride anions. Notably, the 
Co3O4 modified electrode displayed two 
distinct pairs of clearly defined redox peaks 
[68].

In the presence of 0.1 M NaOH, the 
Co3O4 electrode exhibited anodic peaks at 
approximately -0.8 V (peak I) and -0.15 
V (peak II), along with cathodic peaks at 
around -1.23 V (peak III) and 0.35 V (peak 
IV). These peaks corresponded to the oxi-
dation and reduction processes of cobalt 
phases. The reversible transition between  

Co3O4 and CoOOH was attributed to 
the redox peak pair I/III, while the further 
conversion between CoOOH and CoO2 was 
ascribed to another redox peak pair II/IV 
[68]. These two reversible reactions can be 
described as follows [69]–[71]:

Co3O4 + OH- + H2O → 3CoOOH + e-        (6)
CoOOH + OH- → CoO2 + H2O + e-         (7)

Upon the addition of 0.2 mM H2O2 into 
the buffer solution, the shape of the CV 
curve significantly changed with a signifi-
cant increase in the peak current for the oxi-
dation peak (I) and reduction peak (III).

The peak (III) current value increases 
linearly with an increase in the concentra-
tion of the added H2O2. Peak (I) increases 
less pronouncedly; moreover, with increas-
ing concentration, its position along the x 
axis shifts, reaching -0.7 V for high con-
centrations. With the addition of H2O2, 
peak (II) shows no visible changes over the 
entire range of concentrations. Peak (IV) 
also changes slightly with the addition of 
various concentrations of H2O2.

The mechanism [68]–[70], [72]–[74] 
of the electrocatalysis of H2O2 is shown in 
Eq. (8):

6CoOOH + H2O2 → 2Co3O4 + O2 + 4H2O       (8)

The CV results for the Co3O4 petal-
shaped nanostructures obtained from the 
acetate precursor are shown in Fig. 3b. It 
can be seen that when peroxide is added, 
the height of peak (III) is significantly 
lower than for similar concentrations in 
the case when fiber-like samples are used 
(Fig. 3a). This indicates a lower sensi-
tivity and, as a result, the effectiveness 
of this morphology for H2O2 detection. 
This may be due to the low crystallinity 
of this morphology and the blocking of 
active bonds by acetate ions. In addition, 
the resulting nanopetals are very thin and 
can stick together under the influence of 
the weight of the liquid, which signifi-
cantly reduces the working surface area. 
Therefore, later in this article, fiber-like 
nanostructures are considered.
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Fig. 3. (a) CV results of a nanostructured Co3O4 film derived from chloride anions. Measurements 
were performed at a scan speed of 100mV/s in  a 0.1 M NaOH buffer solution (pH = 13) containing 

0-5mM H2O2. (b) CV results of a nanostructured Co3O4 film derived from acetate anions at the 
same measurement conditions. (c) The results of CV measurements obtained at different pH values 

of the buffer solution. Measurements were conducted in NaOH solution containing 5 mM H2O2 
at a scan rate of 100 mV/s. (d) The results of CV measurements obtained at different scan rates. 
Measurements were conducted in a 0.1 M NaOH solution containing 5 mM H2O2. (e) Working 

electrode stability study over multiple CV cycles (n = 50). Measurements were conducted in a 0.1 
M NaOH solution containing 5 mM H2O2. (f) Electrode EIS analysis with a frequency range of 1 

Hz to 100 kHz at an applied 0.25V signal voltage. Measurements were conducted in a 0.1 M NaOH 
solution before and after adding 0.5 mM H2O2.
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The electrochemical response of Co3O4 
nanofiber arrays towards 5 mM H2O2 was 
studied using CV at different scan rates rang-
ing from 40 to 100 mV·s-1 (Fig. 3d). It was 
observed that the electrocatalytic reduction 
peak current towards H2O2 increased with 
the increase in scan rates. This indicates 
that the Co3O4 nanofiber electrode performs 
better for H2O2 detection at a scan rate of 
100 mV·s-1.The CV responses of Co3O4 
nanofiber arrays were examined at numer-
ous concentrations of NaOH with the aim 
of determining the effect of pH levels of 
the buffer solution on the sensing effective-
ness towards H2O2 (Fig. 3d). The absence 
of characteristic peaks in the pH range of 
10 to 11.5 suggests that the electrocata-
lytic reduction of H2O2 is not efficient. The 
appearance of minimal peaks is observed 
at pH=12, while the best results with an 
intense reduction peak and a maximal cur-
rent value are obtained at pH=13. 

Several studies have emphasized the 
importance of a high pH level in the buf-
fer solution for efficient catalysis of H2O2 
by transition metal oxide catalysts during 
the electrochemical process. This leads to 
an increased cathodic peak current density 
[69], [75]. Typically, a 0.1 M NaOH or 
KOH solution suffices to ensure a favorable 
catalytic response. The presence of OH- 
ions, generated from oxyhydroxide prod-
ucts, plays a crucial role in the diffusion 
process within the nanostructured layer. 
This enhances the conductivity of the oxy-
hydroxide, surpassing that of the hydrox-
ide, and promotes a more efficient transfer 
of charge towards the wire substrate. Con-
sequently, applying a negative potential 
activates the Co3O4 electrode in an alkaline 
solution, enabling successful detection of 
H2O2 [75].

The stability of the electrode was evalu-
ated over multiple cyclic voltammetry (CV) 
cycles (n=50), as shown in Figure 3e. It can 

be observed that the cycles overlap, and the 
current peak value only undergoes slight 
changes over time. This indicates that the 
electrode stabilizes after the second scan-
ning cycle. The minor differences observed 
during the first scanning cycle can be attrib-
uted to wetting processes occurring within 
the highly porous nanostructured layer.

Figure 3f depicts the electrochemi-
cal impedance spectroscopy (EIS) curve 
obtained before and after adding 0.5 mM 
H2O2, accompanied by the corresponding 
equivalent circuit. Notably, the absence of 
characteristic semicircles, formed by the 
circuit elements’ RC components, can be 
explained by the low charge transfer resis-
tance and the prevalence of Warburg diffu-
sion over other processes within the electro-
chemical system. The diffusion coefficient, 
derived from the graph, was found to be 
1.237·10-7 cm2·s-1. The active surface area 
of the electrode can be determined using 
Equation (9) from the Randles–Sevcik 
equation [76]–[78].

Ip = (2.69·105)n3/2 AC*D 1/2v1/2,         (9)

where Ip represents the redox peak cur-
rent (in μA), n expresses the number of 
electrons transferred during the redox 
reaction, A is the effective surface of the 
working electrode (cm2), C* is the con-
centration of NaOH in buffer solution  
(mol·cm−3), D is the solution diffusion 
coefficient (NaOH = 1.237·10-7 cm2·s-1) 
and ν represents the scan rate (100 
mV·s−1). The calculated electrochemi-
cally active surface area was found to 
be 4.684 cm2, while the active surface 
area of the wire without considering 
the contribution of the nanostructures 
was 1.256 cm2. The presence of porous 
honey-comb-like nanostructured arrays 
of Co3O4, coupled with the large specific 
surface area, allows for easy electrolyte 
access and H2O2 diffusion towards the 
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highly available active sites, leading to 
an improved electrocatalytic process. 
Typical graphs of the amperometric 

response for the nanostructured Co3O4 
electrodes are presented in Figs. 4a and 
4b.

Fig. 4. The figure show (a) the i-t response of the nanostructured Co3O4 electrode in 0.1 M NaOH 
buffer solution with gradual addition of H2O2 at concentrations ranging from 20 to 1300 μM, 

and (b) the corresponding sensor calibration curve. Three steps for the interference study of the 
nanostructured Co3O4 electrode in 0.1 M NaOH is shown in (c) with stepwise addition of H2O2 at 
concentrations ranging from 100 to 300 μM, along with the most common interfering substances, 

such as (1) ascorbic acid, (2) uric acid, (3) glucose, and (4) NaCl. (d) The stability study is presented 
for the nanostructured Co3O4 samples stored under ambient conditions and in a vacuum desiccator.

Upon addition of H2O2, the ampero-
metric response of the nanostructured 
Co3O4 electrode exhibits rapidity, sta-
bility, and high sensitivity. The current 
attains a steady-state value in a mat-
ter of seconds and remains relatively 
constant until the next dose of H2O2 is 
introduced, thereby generating a well-
defined current step that is appropriate 
for determining the current response. 
The calibration curve depicting the cor-

relation between the catalytic current 
values and the H2O2 concentration in 
the buffer solution is presented in Fig. 
4b. A linear relationship between the 
current and the concentration of H2O2 
was observed in a broad range of con-
centrations spanning from 20 to 1300 
μM, with a correlation coefficient (R) 
of 0.99969. The sensitivity of the Co3O4 
electrode was determined to be 505.11 
μA·mM-1. By considering a signal-to-
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noise ratio of 3, the calculated limit 
of detection (LOD) was found to be 
1.05 μM. 

According to publications [79]–[81], 
for effective milk antibacterial treat-
ment, a minimal H2O2 concentra-
tion of 0.01 %, which is equivalent to 
2.9 mM, is used. This value signifi-
cantly exceeds the calculated LOD for 
our sensor. If we consider biomedicine 
as a potential application of our sensor, 
the likely range of H2O2 in biological 
fluids (in particular, in blood plasma) 
is in the range 1–5 μM [82, 83], which 
is also within the sensitivity of this sen-
sor. This proves the significance of the 
sensor described in this article for food 
analysis and further potential applica-
tions in healthcare and diagnostics. This 
sensor can also be successfully used to 
determine concentrations that are obvi-
ously lower than calculated LOD value. 
In this case, a standard sample recovery 
test is performed and for this purpose 
the samples are spiked with different 
amounts of H2O2 above the detection 
threshold.

To ensure effective application in the 
analysis of complex analytes, it is cru-
cial to establish high selectivity for the 
sensor. To achieve this, the selectivity of 
the Co3O4 wire electrode was assessed 
using four interferents: ascorbic acid, 
uric acid, glucose, and NaCl. These 
compounds are commonly present in 
biological fluids and food products, and 
are often encountered alongside H2O2 
in clinical and pharmaceutical applica-
tions. They may potentially cause false 
increasing of amperometric response 
due to their oxidizing nature and ability 
to interact with Co3O4 nanostructures. 
Figure 4c shows the amperometric 
response after introducing 0.1 mM H2O2 
and 0.1 mM interferent sequentially. 

The response does not surpass the back-
ground noise value, indicating that the 
nanostructures are not sensitive to these 
substances and thus confirming the high 
selectivity of the sensor towards H2O2 
detection.

To evaluate the long-term stabil-
ity of the nanostructures, the samples 
were stored under ambient conditions 
(20 °C, 40 % relative humidity) for one 
and four weeks, and CV measurements 
were taken every two days to assess the 
stability of the nanostructured electrode 
by measuring the degree of reduction 
of the current peak value. The results 
showed that the signal level remained 
not less than 95 % of the initial value 
for samples stored for one week, but 
decreased to 90 % of the initial value 
for samples stored for four weeks at 
ambient condition. Previous studies 
have suggested that storing CuO and 
ZnO nanostructures in a vacuum des-
sicator can significantly reduce sample 
degradation, so a similar experiment 
was conducted for Co3O4. After a week 
of storage in the desiccator, the samples 
did not lose their original electrochemi-
cal properties at all, and after a month of 
storage, they retained 95 % of the initial 
value of the signal (as shown in Fig. 4d). 
SEM was used to investigate the influ-
ence of storage time on the morphology 
of the samples, and the results showed 
no visual changes in the morphology of 
the nanostructures even after four weeks 
of storage under ambient conditions. 
Therefore, it can be concluded that the 
decrease in sensor sensitivity is mainly 
due to the adsorption and binding of 
atmospheric moisture by the developed 
surface of nanostructures, and this effect 
can be reduced by storing samples in a 
vacuum or by preliminary annealing at a 
temperature of about 100 ºC. 
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The exceptional stability of these 
electrodes enables their preparation for 
future use and the effective preserva-
tion of unused electrodes. It is worth 
emphasizing that the utilization of these 
electrodes is highly environmentally 
sustainable and does not contribute 
to additional waste generation, unlike 
plastic chips and polymer substrates. 
The employed electrodes can be eas-

ily cleansed of the nanostructured layer 
through chemical methods or grind-
ing, while the underlying wire can be 
resurfaced with new nanostructures, 
enabling its reuse. The results of this 
study are comparable to those of several 
published studies where cobalt oxide 
nanostructures were used for electrode 
modification for H2O2 detection (as 
summarised in Table 1).

Table 1. Analytical Performance of the Obtained Co3O4  
Compared to Other Reported Cobalt Oxide Based H2O2 Sensors

Electrode Morphology of 
nanostructures

Linear range 
(μM)

Sensitivity 
(μA·mM-1) LOD (μM) Source

Co3O4/GCE Hollow-sphere 0.4–2200 120.55 0.105 [68]
CoO-CoS/NF Sheet-like 2–954 590 0.890 [69]
Co3O4–rGO/GCE Wire-like 15–675 456 2.4 [72]
Co-MOF/GCE Powder 5–9000 83.10 3.76 [73]
Co3O4/GCE Nanocolumns 100–2000 - 0.28 [75]
Co3O4 SPCE Nanourchins 0.1–50 24 0.145 [70]
Co3O4@CNBs/GCE Nanoparticles 0.01–359 - 0.00232 [74]
Co3O4 NPs/GE Nanoparticles - - 0.0217 [84]
Co3O4/FeWire Nanowires 20–1300 505.11 1.05 This work

The comparison table reveals that the 
sensitivity of the electrode discussed in 
this study is among the highest when com-
pared to other sources. Although the limit 
of detection (LOD) value is relatively low, 
there are sources with both higher and lower 
values than the one reported in this article. 
However, this is not a significant draw-
back as the high sensitivity of the material 
holds the potential for achieving a lower 
LOD by optimizing the design of a custom-
ized electrochemical cell, increasing the 
working surface area of the electrode, and 
implementing additional mathematical pro-
cessing techniques. Furthermore, the spike 
method described earlier can be employed 
to determine concentrations below the 
detection limit.

It is important to emphasize that 
even with the current performance, 
the electrode is already suitable for its 

intended applications since the normal 
levels of hydrogen peroxide in biologi-
cal and pharmaceutical samples gener-
ally exceed the detection threshold.

Another notable advantage of our 
electrode compared to others is its acces-
sibility, low cost, and ease of manufac-
turing. The fabrication methodology 
eliminates the need for expensive con-
ductive polymers, complex matrices, and 
costly glassy carbon electrodes (GCE). 
These factors make our approach highly 
attractive for potential mass produc-
tion, promoting wider accessibility to 
this technology. Furthermore, it is worth 
emphasizing that most of the sources 
mentioned employ a surface nanostruc-
turing method that involves applying 
pre-synthesized nanoparticles in pow-
der form. However, this approach can 
lead to challenges in achieving repeat-
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ability due to the uneven distribution of 
nanoparticles in the solution and weak 
adhesion to the electrode surface. In 
contrast, our novel approach eliminates 
these drawbacks by utilizing hydrother-
mal synthesis directly on the electrode 
surface. This results in a strong, orderly, 
and uniform epitaxial coating, ensuring 
enhanced performance and reliability.

The analysis of actual samples using 
amperometry is documented in Table 
2. To account for potential H2O2 levels 
below the detectable range in milk and 

lens storage solution samples, various 
quantities of H2O2 within a concentra-
tion range above the detection threshold 
were added to each sample. A standard 
test for sample recovery was then car-
ried out. The findings highlight the 
electrode’s remarkable recovery rate, 
achieving over 95 % recovery in all 
instances. Furthermore, the relative 
standard deviation for the three samples 
of each spiked concentration remained 
below 5 %.

Table 2. Results of Determination of Hydrogen Peroxide in Real Milk and Lens Storage Samples

Milk Contact lens storage solution

Added 
(μM)

Found  
(μM)

Recovery 
(%)

RSD (%)
(n = 3)

Added 
(μM)

Found 
(μM)

Recovery 
(%)

RSD (%)
 (n = 3)

0 - - - 0 - - -

10 9.51 95.1 5.5 10 9.67 96.7 5.3

25 24.08 96.3 5.1 25 23.89 95.6 5.5

50 47.91 95.8 4.7 50 47.88 95.8 4.4

100 96.25 96.3 4.3 100 97.65 97.7 4.8

If we compare the results obtained 
in this experiment for the Co3O4 nano-
structures with the results of previous 
studies for the CuO nanostructures [85], 
we can see that cobalt oxide nanostruc-
tures show a slightly better sensitivity 
and long-term stability result; however, 
its characteristics largely coincide with 
the СuO coating and likely depend on 
the geometry and properties of the elec-
trochemical cell. Wire electrodes coated 
with both oxides are resistant to mechan-
ical and chemical influences and are 
also characterized by high repeatability 
in the manufacturing process. However, 
the position (voltage) of the characteris-
tic peak responsible for the reaction of 
H2O2 with Co3O4 nanostructures differs 

from that for CuO, making it possible to 
use both oxides in the further develop-
ment of a multisensor suitable for use 
in healthcare and food analysis. Multi-
sensor will increase the sensitivity and 
accuracy of the meaurement compared 
to using a single working electrode due 
to cross sensitivity of various metal 
oxides, as well as expand the areas of 
application and the list of analyzed ana-
lytes supplementing the list of obtain-
able electrodes with other metal oxides 
(for example, NiO, TiO2, ZnO, Fe3O4 
and others). Applying cross sensitivity 
also make it possible to detect several 
analytes simultaneously and study their 
interactions in real samples with a com-
plex composition.
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5. CONCLUSIONS

This article presents the synthesis of 
a nanostructured coating composed of 
Co3O4, using the hydrothermal method 
directly on the surface of Fe wire elec-
trode and its practical application as a 
working electrode for the electrochemi-
cal detection of H2O2 in real samples with 
a complex chemical composition. The 
resulting coating exhibits high homoge-
neity and excellent adhesion to the iron 
wire, ensuring its mechanical and chemi-
cal resistance during sample processing 
and electrochemical measurements. The 
nanostructured Co3O4 coating displays 
a honeycomb-shaped surface, which 
exhibits significant peroxidase-like elec-
trocatalytic activity, enabling the detec-
tion of H2O2 with high sensitivity over a 
wide range of concentrations. The study 
demonstrates that the morphology of the 
nanostructures is strongly dependent on 
the precursor’s chemical composition. 
Thus, the chloride anions provide the for-
mation of fiber-like nanostructures, while 
the acetate anions under similar growth 
conditions provide the formation of thin 
petal-like nanostructures of Сo3O4. It has 
been found that fiber-like nanostructures 
of Co3O4 have better sensory characteris-
tics compared to petal-like samples and 
are more efficient for electrochemical 
detecting of H2O2. It has also been deter-
mined that the efficiency of this sensor 
increases with an increase in the scanning 
speed and an increase in the pH of the 
buffer solution. 

The resulting electrode exhibits a 
linear current response over a wide con-
centration range of 20 to 1300 μM, with 
a sensitivity of 505.11 μA·mM−1 and a 
calculated LOD of 1.05 μM. The electro-
chemically active surface area is deter-

mined to be 4.684 cm2. Interference tests 
reveal that the sensor is highly selective, 
with no electrochemical response to the 
most common interfering substances. The 
long-term stability study shows that the 
signal level remains at 95 % of the initial 
current value after one week and at 90 % 
after four weeks of storage under ambient 
conditions. However, the electrode lifes-
pan can be significantly improved by stor-
ing it in a vacuum desiccator until they 
are needed. In this case, the signal level 
remains at 100 % of the initial value after 
one week and at 95 % after four weeks. 

The milk and lens storage liquid anal-
ysis has demonstrated a high recovery rate 
of over 95 %, indicating that this sensor is 
suitable for quantitative and qualitative 
deermination of H2O2 in real samples with 
complex compositions. 

Further research will be aimed at 
studying this sensor for healthcare appli-
cations to analyse changes in the concen-
tration of H2O2 in biological fluids (in 
particular, in blood plasma). Since our 
research group has already had an expe-
rience in creating similar sensors based 
on other metal oxides (in particular, CuO, 
Fe3O4, NiO), the next promising applica-
tion will be the integration of this sensor 
into a multisensor system. The use of a 
multisensor will increase the sensitivity 
compared to the use of each oxide sepa-
rately due to cross-sensitivity and will 
also expand the range of possible analytes 
and will allow samples of a more complex 
composition to be studied. It will also be 
possible to target the detection of several 
analytes simultaneously, which is very 
important in the field of healthcare for 
monitoring certain diseases.
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