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Abstract

Given the high ecotoxicity of nitrogen dioxide and its prevalence in urban at-
mospheres, the development of sensitive sensors for its detection is a pressing
task. In this study, a gas-sensitive layer in the form of a composite material
based on Ni fibers + NiO nanoparticles embedded in a poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate polymer matrix is proposed. The sensor re-
sponse of the developed material to NO, was determined at various operating
temperatures. It was found that increasing the operating temperature from 25
to 180 °C leads to a significant increase in the response magnitude and re-
sponse speed of the sensor to NO,. The optimal balance between high sensitiv-
ity and long-term signal stability is achieved at a temperature of 120 °C, at
which the sensitivity of the material to NO, is 6.6-1072 ppm™.

Key findings

e The developed composite sensor exhibits maximum sensitivity to NO: at 120 °C, reaching

6.6 x 103 ppm

e For the developed material, operating above 60 °C eliminates humidity interference.
e The developed sensor exhibits high selectivity over H.S, CO, NH;, SO, H., ethanol, and

acetone.

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative Com-
mons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-
use of the work in any medium provided the original work is properly cited.

1. Introduction

Due to the continuously increasing pace of industrial
growth and the consequent deterioration of the environ-
mental situation, the need to determine the presence and
precise concentration of various ecotoxicants is also grow-
ing [1-4]. Therefore, the development of gas sensors, which
are vital in many areas of human activity, is a critical issue.
A crucial direction in environmental monitoring is the de-
tection of toxic gases in the atmosphere [5-9].

This work considers a sensor for the highly toxic gas
NO-, which even at ultra-low concentrations can pose a se-
rious threat to both humans and wildlife. Modern sensors
for detecting nitrogen dioxide (NO.) are developed based
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on various functional materials that serve as the active
layer directly responsible for interaction with gas mole-
cules. The most common class of such materials is semicon-
ductor metal oxides, such as tin oxide (SnO.), tungsten ox-
ide (WO3), zinc oxide (ZnO), etc. [3-7,10]. Their operating
principle is based on a change in electrical resistance upon
adsorption of NO2 molecules, which are strong oxidizers, on
the material surface. Semiconductor oxides, particularly
WO3, show high efficiency in NO. detection. However, as
with most materials of this class, detection requires heating
to 200-400 °C, which negatively affects the device's energy
efficiency. A more modern alternative is carbon nano-
materials, particularly graphene [11] and carbon nanotubes
[12], which can detect NO. at room temperature due to
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changes in their electrical conductivity upon contact with
the gas. However, their surface contains active oxygen-con-
taining groups that act as binding sites for gas molecules.
This causes strong adsorption and, consequently, a long re-
covery time for the sensor. Another alternative is the use of
conducting polymers, such as polyaniline or PEDOT:PSS.
However, their practical application in gas sensors is hin-
dered by low sensitivity and long response times due to
their strong affinity for volatile organic compound mole-
cules and moisture. Combining polymers with inorganic
materials is a promising approach for developing gas sen-
sors, which can significantly enhance the selectivity and
sensitivity of sensors toward target gases.

The increase in sensitivity achieved by combining inor-
ganic nanomaterials and conducting polymers is associated
with several fundamental effects arising from their synergy
[13-16]. Such nanostructures possess a large specific sur-
face area, providing numerous active sites for gas molecule
adsorption. In turn, polymers often serve as a matrix that
prevents agglomeration of these nanostructures, preserv-
ing their high surface area accessible to the gas. Another
important aspect is that when inorganic nanomaterials are
incorporated into a conducting polymer matrix, depending
on the nature of the inorganic phase, a p—n junction or a
Schottky barrier forms at the interface between the con-
ducting polymer and the inorganic material [17-21]. Such a
heterojunction acts as an energy barrier, and gas molecules
adsorbing on the material can alter the width of this bar-
rier. To date, numerous nanocomposite materials of the
"polymer + inorganic phase" type have been developed for
use as sensitive elements in sensors. Nanocomposites of
polyaniline with metal-metal oxide nanorod complexes
demonstrate good sensitivity and selectivity toward various
toxic gases, including NO- [22,23]. Polypyrrole and its com-
posites are also promising materials for developing nitro-
gen dioxide sensors capable of effectively detecting this
toxic gas at room temperature [24-27].

Another important class of conducting polymers prom-
ising for creating composite sensing elements in gas sen-
sors (including nitrogen dioxide sensors) are polythio-
phenes and their derivatives, such as poly(3,4-ethylenedi-
oxythiophene) (PEDOT) and PEDOT:PSS. Owing to their
high chemical and thermal stability, good solubility in many
solvents, and high conductivity in the doped state, polythi-
ophenes have become a key component of composite sens-
ing elements in nitrogen dioxide sensors [28-32]. Although
composites based on conducting polymers demonstrate sig-
nificant potential for developing gas sensors, their ultimate
effectiveness depends on the morphology and degree of dis-
persion of the system. The best results are shown by com-
posite materials where the inorganic phase is structured in
the form of nanoparticles [33], nanowires [34], or porous
structures uniformly distributed within the polymer ma-
trix. As of now, a literature analysis using an international
database of articles shows that out of more than 8500 pub-
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lications on NO: sensors, only about 320 focus on interdig-
itated electrodes and approximately 115 on resistive or
chemiresistive PEDOT:PSS-based or NiO-based materials,
confirming that this specific combination represents a
much narrower research niche.

Previously, we developed a gas-sensitive material for an
NO- sensor based on the NiFs-NiO-PEDOT:PSS structure
[35,36]. The base of the material is an oriented network of
nickel fibers with a highly developed surface. The top layer
of the network is covered with a layer of nickel oxide. The
entire network is embedded in a polymer matrix of
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS). We were able to demonstrate that such a
structure exhibits good sensitivity to NO: in air even at
room temperature. However, at room temperature, for this
type of gas sensor, there is an effect of air humidity influ-
encing the sensor response. For accurate calibration of the
response, this effect must be taken into account. In this
work, we investigated the influence of the operating tem-
perature of the developed sensor on its characteristics: the
effect of air humidity, response and recovery rates, re-
sponse magnitude, and sensitivity.

2. Experimental

All used reagents were commercially available and were
used as purchased. The chemicals nickel chloride
(NiCL-6H20), hydrazine hydrate (N:HsOH), poly(3,4-eth-
ylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
ethylene glycol (EG), and isopropyl alcohol (IPA) were from
Sigma-Aldrich.

The method for the synthesis of the composite material
is described in detail in our previous works [35,36]. Briefly,
the method consists of three main stages: synthesis of
nickel fibers; structuring of the fibers into an anisotropic
network using a magnetic field; partial thermal oxidation
of the surface layer of the fibers (the importance of incom-
plete nickel oxidation and its procedure are discussed in
more detail in our work [37]); and application of a thin film
of PEDOT:PSS (0.3% Sigma Aldrich) to the surface of the
oxidized fibers.

Scanning electron microscopy (SEM) and energy-disper-
sive X-ray spectroscopy (EDS) studies were performed us-
ing a Carl Zeiss EVO 50 XVP microscope (HV = 20 kV, WD =
9 mm) (Germany).

Gas sensitivity and sensor characteristic studies were
conducted in a specialized gas-tight stainless steel chamber,
into which gas was supplied from a cylinder containing a
certified reference gas mixture with a known content of the
target gas. The state of the gas mixture in the chamber was
monitored and regulated using an IKA Vacstar Digital sys-
tem with a VC 10 pro controller, IKA (Germany). The pres-
sure in the chamber was maintained at 100 + 10 kPa. The
current-voltage characteristics of the sensor were meas-
ured using a P-45X potentiostat-galvanostat (Electrochem-
ical Instruments, Russia). The resistance of the sensor was
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determined by measuring the electrical current at a con-
stant applied voltage of 100 mV. The current was recorded
in real time, and the resistance was calculated using Ohm’s
law. No external current was imposed independently.

To fabricate the interdigitated electrode (IDE) sensor,
gold electrodes were deposited onto a glass substrate. The
electrodes were deposited using UV photolithography and
magnetron sputtering (C156RS sputtering system, Russia).
Magnetron sputtering of the gold electrodes was carried out
in an argon atmosphere.

3. Results and discussion

Previously, we developed a method for producing a gas-sen-
sitive material that responds to the presence of nitrogen di-
oxide in air, based on a composite material in the form of a
network of nickel oxide fibers coated with nickel oxide and
embedded in a PEDOT:PSS polymer matrix [35,36]. To test
the sensor characteristics of the studied material, it is nec-
essary to transfer it onto a substrate with electrodes, i.e.,
to implement it as a so-called IDE sensor (IDE - interdigi-
tated electrodes). In this work, the IDE sensor is imple-
mented as a system of gold electrodes on the surface of sil-
icate glass with the sensitive material deposited in the cen-
ter (Figure 1).

The material exhibits a morphology comprising a net-
work of nickel fibers with a developed surface. The fibers
are coated with an NiO layer and embedded in a PEDOT:PSS
polymer matrix (Figure 2).

The active component material exhibits semiconducting
electrical conductivity (p-type semiconductor). In p-type
semiconductors, electrons are minority charge carriers,
and a decrease in their number in the near-surface layer
due to chemisorption of nitrogen dioxide molecules causes
a noticeable change in the resistance of the conduction
channel of the layer as a whole. This mechanism is used to
detect the presence and determine the amount of NO- mol-
ecules in the air. PEDOT:PSS possesses sufficient electrical
conductivity and ensures the structural stability of the pol-
ymer-metal-semiconductor composite material. This sys-
tem is denoted as NiFs-NiO-PEDOT:PSS. The elemental
composition of the material was confirmed by energy-dis-
persive X-ray spectroscopy (the spectrum is shown in Fig-
ure 2). In the EDS spectrum, peaks corresponding to nickel
(Ka = 7.48 keV, KB = 8.27 keV), oxygen (Ka = 0.53 keV),
carbon (Ka = 0.28 keV), and sulfur (Ko = 2.31 keV) are
clearly visible. The partial oxidation of nickel fibers was
performed according to the protocol established in [37],
where EDS and XRD confirmed a Ni:NiO ratio of 4:1. While
the NiO layer thickness may influence the NiO/PEDOT:PSS
junction, the controlled conditions ensure reproducibility.
A systematic study of thickness effects is planned for future
investigations.

Tests have shown that the developed material exhibits
sensitivity to nitrogen dioxide even at its relatively low con-
centrations in air (50 ppm NO-). Under certain conditions
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in laboratory tests, the sensor response of the material oc-
curs even at room temperature. However, it should be
borne in mind that under real-world detection conditions,
the sensor response is affected by air humidity [38]. In this
study, work was carried out to select the optimal operating
temperature of the developed sensor at which a high sensor
response is observed, and the influence of air humidity is
minimal.

NiFs-NiO-PEDOT:PSS

[ |

Figure 1 Schematic representation of the sensor active element
(IDE sensor).
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Figure 2 SEM images of the morphology of the NiFs-NiO-
PEDOT:PSS material and the corresponding energy-dispersive X-
ray spectroscopy (EDS) spectrum.
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Figure 3 Sensor response of NiFs-NiO-PEDOT:PSS to NO, (50
ppm) at different temperatures.
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To investigate the sensor characteristics, the IDE sensor
with the developed NiFs-NiO-PEDOT:PSS gas-sensitive
material was placed in a sealed chamber with a sealed elec-
trical feedthrough and an inlet valve for creating a vacuum
or an atmosphere with a known gas composition. For
chemoresistive types of sensors, the operating temperature
is important because the sensor response may depend on it.
The sensor response, expressed in relative units, is calcu-
lated according to the formula:

G=|Rgas—R0|/R0, (1)

where R gas is the sensor resistance in the presence of
the test gas, and R o is the sensor resistance before exposure
to the test gas. In addition to the sensor response, in prac-
tice, the response time To.9 is used as a parameter charac-
terizing the speed of response of a gas sensor. This is the
time required for the sensor to reach 90% of the G value
corresponding to the given conditions. Along with the re-
sponse time, the sensor recovery time Trec is also consid-
ered. This parameter characterizes the decay time of the
sensor response pulse after the removal of the target gas.

Measurements were carried out at temperatures rang-
ing from 25 to 180 °C. Figure 3 illustrates how the sensor
signal changes upon exposure to 50 ppm of nitrogen dioxide
in an air environment as a function of the set temperature.

A clear dependence of the sensor response magnitude on
the operating temperature is observed: as the temperature
increases, the signal increases. Thus, increasing the tem-
perature from 60 to 140 °C leads to an increase in the sen-
sor response G upon exposure to 50 ppm NO- from 0.088
to 0.390. Concurrently, the kinetic parameters of the sensor
operation change: the response time (T 0.9) and the recovery
time (T rec) decrease (Table 1). This indicates an acceleration
of the interaction processes between the sensor and the tar-
get gas (NOz). The change in the sensor signal shape with
increasing temperature is shown in Figure 4.

In the temperature range below 60 °C, the NiFs-NiO-
PEDOT:PSS composite material exhibits incomplete recov-
ery of the initial signal (Figure 5). This effect is likely due
to incomplete desorption of the target gas molecules and
the competitive influence of water vapor adsorption from
the air [38].

As noted in the literature, at temperatures below 100 °C,
a slight baseline drift may be observed due to slow and in-
complete desorption of NO-, as a result of which the recov-
ery time (7 rec) can reach thousands of seconds [38].

The response impulses for most temperatures are qual-
itatively similar and differ only in amplitude, except for the
measurements at 60 °C, which exhibit a distinct behavior.
The response values for all investigated temperatures are
fully presented in Figure 6, which summarizes the sensitiv-
ity and response magnitude across the entire temperature
range.

In this work, the temperature dependence of the sensor
response was studied in the range of 25-180 °C (Figure 6).
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A monotonic increase in the sensor response G with in-
creasing temperature is observed, with its value exceeding
0.5 at 180 °C. For comparison, Figure 6 also shows data for
unmodified PEDOT:PSS, which indicate that the incorpora-
tion of NiFs-NiO into the composite leads to a significant
increase in the sensitivity of the material.

However, it was found that at temperatures above
140 °C, the sensor stability deteriorates (Figure 7): a de-
crease in the response is observed during prolonged meas-
urements.
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Figure 4 Sensor response pulse to 50 ppm nitrogen dioxide at
60 °C (red line) and 120 °C (black line).
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Figure 5 Recovery region of the response pulse at 60 °C (red line)
and 120 °C (black line).

Table 1 Response parameters of the NiFs-NiO-PEDOT:PSS sensor
as a function of temperature.

t (°C) To.9 (s)  Trec (s)
40 90+t5 >1000
60 90 +5 >1000
100 90+5 36010
120 90 +5 230 % 10
140 70 £ 3 120 + 10
160 50 £ 3 110 + 10
180 45+ 5 70 £ 10
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This effect is explained by an increase in the electrical
resistance of the material. In our observations, at tempera-
tures above 140 °C, an irreversible increase in the material
resistance is observed. This is primarily attributed to the
thermo-oxidative degradation of PEDOT:PSS. We expected
this process to occur in our work. What was important for
us was to determine that the thermo-oxidative degradation
of PEDOT:PSS takes place at temperatures higher than
those required to eliminate the humidity effect on the de-
tected gas. Thus, based on an analysis of the response and
its stability, the optimal operating temperature was deter-
mined to be 120 °C. At this temperature, a high and tempo-
rally stable sensor signal is achieved (Figure 7).

The sensor response of NiFs-NiO-PEDOT:PSS depends
almost linearly on the NO: concentration in the gas mixture
in the concentration range of 1-100 ppm (Figure 8). Over
the 1-100 ppm range, the response is approximately linear
(correlation coefficient R*> = 0.98), which is why the single
sensitivity value S is often used in the literature for com-
parative purposes. The sensor sensitivity in this case can be
determined from the slope of the graph:

S = AG/AC, (2)
where C is the nitrogen dioxide concentration.
0.6+ ® Ni-NiO-PEDOT:PSS
05. @ PEDOT:PSS H I
0.4 I
o 031 : )
0.2
B
0.1 s s
3 =]
0.0 = m B
0 40 80 120 160 200
t,°C

Figure 6 Temperature dependence of the sensor response for NiFs-
NiO-PEDOT:PSS and for pure PEDOT:PSS.

e -_\
0.3  coooooonenonomonnocomnononacacEoaacn000ce
© 02,
0.1- e 140°C
’ o 120°C
0.0 : : ; r ‘
0 50 100 150 200 250
t, min

Figure 7 Long-term sensor response stability of NiFs-NiO-
PEDOT:PSS.
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For the NiFs-NiO-PEDOT:PSS material, the sensitivity S
of the sensor to NO- at a temperature of 120 °C was (6.6 +
0.4) x 1073 ppm™'. A comparison of the sensing behavior of the
present material with previously reported data is presented in
Table 2.

The effect of relative humidity (RH) of the ambient at-
mosphere on the sensor characteristics was investigated.
The measurement results of the NiFs-NiO-PEDOT:PSS re-
sponse in the humidity range of 20-80% are shown in Fig-
ure 9.

Table 2 Comparison of NO, sensing behavior of the NiFs-NiO-
PEDOT:PSS sensor with previously reported data.

Sample t,°C C(NO,), G, % Ref.
Ppm

Graphene RT 5 12 [39]
Graphene / MoS2 150°C 5 7 [40]
TiO2 RT 100 2.4 [41]
Sn0O2/CuO 100°C 1 68 [38]
RGO RT 100 (5) 83 (4.1) [42]
Ce,Sn,0, / CNFs 25 °C 2 20 [4]
PEDOT:PSS / 24 °C 1 10 [28]
Ti;C,Tx/Zn0
PEDOT:PSS / ZnO 24 °C 1 0.7 [28]
Polypyrrole / RGO 25 °C 5 5 [26]
Polypyrrole 25 °C 100 36 [43]
NiFs-NiO- 120 °C 100 (5) 66 (3.2) This
PEDOT:PSS work

0.8

0.6

0.4

© i
0.2
[}
3
0.0{ <%
0 20 40 60 80 100

C (NO,) , ppm

Figure 8 Dependence of the sensor response of NiFs-NiO-
PEDOT:PSS on nitrogen dioxide concentration at an operating tem-
perature of 120 °C.
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Figure 9 Change in the sensor response of NiFs-NiO-PEDOT:PSS
upon increasing the relative humidity of the test gas mixture con-
taining air and nitrogen dioxide.
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Figure 10 Selectivity response of NiFs-NiO-

PEDOT:PSS.

As can be seen, the change in the sensor response 6G
increases with increasing relative humidity. In this case,
this value is negative and corresponds to a decrease in the
response. This decrease in sensitivity is likely due to com-
petitive adsorption of water molecules, which block the ac-
tive sites on the material surface intended for interaction
with NO.. In addition, water molecules can cause swelling
of the PEDOT:PSS matrix, alter the interchain distance,
change the dielectric environment, and influence hopping
transport between PEDOT-rich domains. These effects are
separate from competitive adsorption with analyte gases.
The most significant suppressing effect of humidity is ob-
served in the low-temperature region (25-60 °C). At oper-
ating temperatures above 60 °C, the contribution of humid-
ity to the sensor response of the NiFs-NiO-PEDOT:PSS
composite becomes negligible.

The developed sensitive material demonstrates high se-
lectivity of response to nitrogen dioxide. To determine the
cross-selectivity of the sensor response of NiFs-NiO-
PEDOT:PSS, tests were conducted in various gas mixtures
containing major greenhouse/hazardous gases, Figure 10.

The cross-selectivity of the sensor response to nitrogen
dioxide is numerically characterized by the value
K(NOz) = G(NO2) / G(X), where G(X) is the response to an-
other gas. We tested the sensor properties of NiFs-NiO-
PEDOT:PSS in the presence of the following gases in the
gas mixture: H.S, CO, NH3, SO, H, ethanol vapor, and ace-
tone vapor. When the material interacts with oxidizing and
reducing gases, the response has opposite signs. For exam-
ple, upon interaction with NO:, chemisorption processes
lead to a decrease in the concentration of free electrons
(which are not the majority carriers for p-type semiconduc-
tors). For p-type semiconductors, this causes an increase in
electrical conductivity. When investigating the response of
the developed material to different types of gases, we ob-
served a decrease in resistance upon exposure to oxidizing
gases and an increase in resistance upon exposure to reduc-
ing gases. However, for simplicity and ease of interpreta-
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tion, the work uses the absolute value of the sensor re-
sponse AG, as indicated in Equation (1). For all gases stud-
ied, the K(NO-) value significantly exceeds 100.

4. Limitations

This work did not investigate the effect of the amount of
PEDOT:PSS polymer used on the sensor characteristics. It is
assumed that the main contribution to the studied proper-
ties comes from the Ni-NiO fiber network.

Another limitation of the present study is that we did
not perform a systematic analysis of the NiO layer thickness
on the nickel fibers or its influence on the NiO/PEDOT:PSS
junction behavior. While the controlled oxidation condi-
tions ensured reproducibility across different samples, and
the Ni:NiO ratio was verified to be approximately 4:1 using
EDS and XRD [37], the exact thickness of the NiO layer re-
mains unknown. A thicker NiO layer could potentially
widen the depletion region at the NiO/PEDOT:PSS interface
and affect charge transfer efficiency. Future work should
employ high-resolution techniques such as transmission
electron microscopy or X-ray photoelectron spectroscopy
depth profiling to correlate NiO layer thickness with junc-
tion properties and overall sensor performance.

EDS elemental mapping was not performed due to tech-
nical limitations of the available SEM (lack of a dedicated
scanning system for EDS mapping). While such mapping
would provide additional spatial distribution information,
the present EDS point analysis (Figure 2) confirms the pres-
ence of the expected elements. Future work using appropri-
ate instrumentation should address this point.

We did not quantitatively separate the contribution of
water-induced swelling of PEDOT:PSS from competitive ad-
sorption effects on the humidity response. While both
mechanisms are suppressed at elevated temperatures, their
individual roles below 60 °C require further investigation
using, for example, operando ellipsometry or quartz crystal
microbalance measurements.

Long-term stability under real operating conditions has
not yet been systematically evaluated. The sensor perfor-
mance may degrade over time due to prolonged exposure to
humidity, temperature fluctuations, and aging effects of the
PEDOT:PSS matrix or the Ni/NiO surface. Accelerated aging
tests and continuous operation studies are needed to assess
the practical lifetime of the sensor.

Batch-to-batch reproducibility of the NiFs-NiO-
PEDOT:PSS composite has not been quantitatively assessed.
Although the synthesis protocol was kept consistent, varia-
tions in fiber oxidation, PEDOT:PSS distribution, or film
thickness between different preparation runs may affect
sensor performance. Future work should include statistical
analysis across multiple independent batches.
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As a result of the conducted studies, the optimal operating
conditions for the sensor based on the NiFs-NiO-
PEDOT:PSS composite material were determined. It was
established that increasing the operating temperature from
25 to 180 °C leads to a significant increase in the amplitude
and response speed to NOz. The kinetic parameters (to.9 and
T rec) decrease, indicating an acceleration of the gas adsorp-
tion-desorption processes. The best balance between high
sensitivity and long-term signal stability is achieved at a
temperature of 120 °C. At this value, the maximum sensi-
tivity (S) of the material to NO> was recorded, amounting
to 6.6 x 1073 ppm™". Furthermore, under this temperature
regime, the influence of relative air humidity on the sensor
operation becomes negligible. The developed material
demonstrates high selectivity of response to nitrogen diox-
ide. For all gases studied, the K(NO-) value significantly ex-
ceeds 100.
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