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Abstract. The paper presents the results of electrochemical and conductometric studies of
poly (3,4-cthylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) and composite material
PEDOT:PSS/oriented nickel fibers in the presence of carbon dioxide. It has been shown that
the introduction of oriented nickel fibers into the PEDOT:PSS polymer matrix improves the
electrochemical properties of the polymer. The nickel fibers in the polymer bulk act as a cata-
lyst and thus shift the PEDOT:PSS reduction peak towards positive potentials. Gas sensing el-
ements for a conductometric sensor were fabricated by depositing PEDOT:PSS and composite
films PEDOT:PSS/oriented nickel fibers on the surface of a glass substrate with interdigitated
gold electrodes., Special equipment was designed to study the sensory properties of gas-sen-
sitive elements. Using this equipment, we measured the sensory response R and the response
time t,, of finished gas-sensitive elements in a carbon dioxide environment. Conductometric
studies have shown that the response time 7, of the composite material to CO, is shorter, and
the sensory response R is twice as long as compared to a pure PEDOT:PSS film. As a result
of the generalization of the experimental data, the possibility of using the composite material
PEDOT-PSS/oriented nickel fibers to create electrochemical and conductometric sensors for
carbon dioxide was shown.
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Annoranus. B paboTe mpuBeaeHBI pe3yJIbTaThl 2JIEKTPOXUMUYECKUX U KOHIYKTOMETPUICCKIX
ucciaenoBanuii moau(3,4-stuneHanokcutuoden): moauctupoicyiabdornara (PEDOT:PSS) u
koMno3uTHoro Matepuana PEDOT:PSS/opueHTrpoBaHHbBIE BOJIOKHA HUKEJIS B Cpelie IMOKCHIa
yriaepoaa. IlokazaHo, 4TO BBeAEHUE OPUEHTHMPOBAHHBIX BOJOKOH HUKEJS B IOJUMEPHYIO
Matpully PEDOT:PSS yayuiraer »iaeKTpoXMMHMYECKHWe CBOMCTBAa mnoguMepa. BoJiokHa
HUKEJST B Oo0beMe ToamMMepa AEHCTBYIOT KaK Karajau3aTop W, TeM CaMbIM, CMEIIAIOT MUK
BocctaHoBieHuss PEDOT:PSS B cTtopoHy nojoxutenbHbIx nmoreHuuanos. [lyrem HaHeceHust
PEDOT:PSS u xomno3utHbix mieHoK PEDOT:PSS/opueHTrpoBaHHbIE BOJIOKHA HUKEJS Ha
MOBEPXHOCTh CTEKJISIHHOM MOMIOXKM CO BCTPEYHO-IUTBHIPEBBIMM 30JIOTBIMU 3JIEKTPOIAMU
ObUIM M3TrOTOBJEHBI T'a30YyBCTBUTEIbHBIE 3JEMEHTHI IJIs1 KOHAYKTOMETPUUYECKOro CeHcopa.
Hns1 ucciienoBaHusl CEHCOPHBIX CBOMCTB Ia304YBCTBUTEIBHBIX 3JIEMEHTOB CKOHCTPYMpPOBaHa
crierrajgbHast yctaHoBKa. C MOMOIIIbIO JaHHO YCTAHOBKY ObLIM M3MEPEHBI CEHCOPHBIN OTKJIMK
R v BpemsI OTKJIMKA T, FOTOBBIX Fa304yBCTBUTEIbHBIX 3JIEMEHTOB B CPE/Ie IMOKCHU/IA YIJIEPO/IA.
KoHnykromerpuyeckue HCCAEN0BaHUA TIOKa3ald, 4YTO BPeMs OTKJIMKA T, KOMIIO3MTHOIO
marepuaia Ha CO, MEHbILIE, & CEHCOPHBIN OTKIMK R B 2 pasa 00JIblie, IO CPABHEHUIO C YUCTOM
mneHkoit PEDOT:PSS. B pesyabTraTe 00600111eHUS KCITIEpUMEHTaIbHBIX JaHHBIX Oblj1a MOKa3aHa
BO3MOXHOCTb MCITIOJIb30BaHMUSI KoMIo3uTHoro Marepuana PEDOT:PSS/opueHTrpoBaHHbIE
BOJIOKHA HUKEJIS JUISI CO3MAHUST INEKTPOXUMUYECKUX W KOHAYKTOMETPUUECKUX CEHCOPOB Ha
IUOKCHUI YIJIepOa.

KmoueBbie cioBa: razosbiit ceHcop, PEDOT:PSS, snektpoxumuyeckas siueiika, 1IUpUHA
3aTIpeIIeHHOM 30HbI, CEHCOPHBIN OTKIWK, BPpeMsT OTKJINKA
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Introduction

Studies of composite materials based on a polymer matrix and various functional materials
dispersed in this matrix [1], such as metal oxide nanoparticles, graphene, carbon nanotubes, etc.,
have been widely developed in recent years. The increased interest in such materials is associated
with the possibility of their application in supercapacitors [2], in catalysis, and also as an active
element in greenhouse gas sensors (such as carbon dioxide, nitrogen dioxide, and carbon dioxide) [3].

Currently, scientific research is focused on monitoring the environment, in connection with
climate change as a result of an increase in the greenhouse effect of the atmosphere [4]. The
release of carbon dioxide (CO,) into the atmosphere is the main cause of global warming and
sea level rise [5]. A significant proportion of CO, emissions are related to human activities such
as the burning of fossil fuels for transport and energy production. Developing efficient methods
for measuring and detecting CO, is critical to mitigating the negative impacts of climate change.
Over the past few years, the use of conductive polymers as gas-sensitive sensors due to their
unique properties has attracted considerable attention. One promising among such polymers is
poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS). This is due to its excellent
thermal and air stability, high conductivity, flexibility, and optical transparency, as well as a well-
developed and relatively simple synthesis technology that allows printing and production on a
large scale [6,7]. PEDOT:PSS has been widely researched and used due to its versatility in various
applications such as electronics, energy storage (supercapacitors, batteries), and sensors to detect
changes in pH, humidity, hazardous gases [8].

However, the use of the PEDOT:PSS as a sensor has limitations. The pure PEDOT:PSS film
has low greenhouse gas sensitivity. In addition, the material has been reported to be sensitive
to humidity and other environmental factors, which can affect its accuracy. Recently, research

© Huzameesa [.P., JlebemeBa B.M., Huzameer W.P., 2023. W3parens: Caukr-IlerepOyprckuii MOJUTEXHUYECKUI
yHuBepcuteT [letpa Benaukoro.

391



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 3.1

has been actively carried out to improve the gas-sensitive characteristics of the PEDOT:PSS to
CO, by dispersing various functional materials (polymer-carbon composites, graphene, metal
or semiconductor nanoparticles, etc.) into the PEDOT:PSS polymer matrix, that is, creating
a composite material. For example, in [9], the authors synthesized a CO, sensor based on
PEDOT:PSS and graphene on a PET substrate. It is assumed that the graphene layer can act as a
protection against moisture. Chuang et al. [10] developed a material with high moisture selectivity
using PEDOT:PSS and polyaniline (PANI). The combination of these polymers improved the
conductivity and sensitivity of the material to CO,.

In this paper, to increase the detection of carbon dioxide CO,, it is proposed to create a
composite material based on PEDOT:PSS with oriented nickel (Ni) fibers dispersed in its polymer
matrix [11—13]. Ni is a metal with high conductivity and high surface area and can act as a
catalyst capable of increasing the sensitivity and selectivity of PEDOT:PSS.

Materials and Methods

Cyclic voltammetry (CV) was used to study the electrochemical properties of PEDOT:PSS
and the composite material PEDOT:PSS/oriented nickel fibers in the presence of carbon dioxide.
Electrochemical studies were carried out in a glass three-electrode cell in an environment of
the study gas. A fluoroplastic cylindrical tube with 3 mm glassy carbon was used as the working
electrode. A platinum electrode was used as a counter electrode, and a silver chloride electrode
(Ag/AgCl) was used as a reference electrode. A solution of 0.1 M KHCO, in water was used as an
electrolyte. The potential sweep rate when taking cyclic voltammograms was 50 mV/s. To obtain
stable cyclic voltammograms, the potential sweep was cycled three times.

For carried out of the electrochemical studies, a thin layer of PEDOT:PSS was applied to the
surface of the working electrode and dried at a temperature of 60 °C for 1.5 hours. Composite
films PEDOT:PSS/oriented nickel fibers were obtained by depositing submicron nickel fibers on
the electrode surface in the presence of a magnetic field, followed by depositing a thin layer of
PEDOT:PSS on the surface of the oriented fibers. The resulting composite material was also dried
at a temperature of 60 °C for 1.5 hours.

To create a gas-sensitive element of the conductometric gas sensor based on PEDOT:PSS
and PEDOT:PSS/oriented nickel fibers, glass substrates were preliminarily prepared. As is
known, conductometric sensors operate based on a change in the electrical conductivity of the
gas-sensitive element before and after the adsorption of the detectable component. Interdigital
electrodes were obtained to measure the resistance of the gas-sensitive element before and after
exposure to the test gas on the surface of glass substrates by sputtering gold onto a photoresist
template. Next, a PEDOT:PSS film was deposited on the surface of the substrates with gold
electrodes by centrifugation. To obtain a composite material, freshly prepared nickel fibers were
deposited on the surface of finished substrates in the presence of a magnetic field. The magnetic
field was used to create an oriented network of fibers on the surface of the substrates. Next, a thin
film of PEDOT:PSS was applied to the finished mesh.

The sensory properties of the finished samples were studied on specially designed equipment,
consisting of a sealed capsule, a detector with an embedded gas-sensitive element, a target gas
cylinder, a pressure-reducing valve, a personal computer, and a potentiostat for controlling a
given voltage and measuring current. The tests were carried out at room temperature and relative
air humidity of 45%. Carbon dioxide was used as the target gas.

Results and Discussion

Electrochemical studies of the working electrode modified with a pure PEDOT:PSS film in
0.1 M aqueous KHCO, solution were carried out in the cycling range from -1.5 V to 1.5 V.
Figure 1 shows the results obtained.

As can be seen from the CV curves for the PEDOT:PSS films, a typical quasi-rectangular
pseudocapacitive response is observed, which was previously observed in [14]. As can be seen
from the CV curves during repeated cycling in the potential range of -1.5+1.4 V, a stable
behavior of PEDOT:PSS films is observed. With a further increase in the cycling limit, the
electrical properties of the film begin to deteriorate, and at a potential of -1.5 V, a sharp decrease
in the anode current is observed, which is associated with degradation and irreversible oxidation
of a pure PEDOT:PSS film. In the region of negative potentials, PEDOT:PSS behaves stably.
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Fig. 1. CV-curves of the PEDOT:PSS in the cycling range from -1.5V to 1.5V

Considering this fact, in the future, all electrochemical studies were carried out in the range from
-1.5VtolV.

Next, electrochemical studies of PEDOT:PSS films were carried out in carbon dioxide. Figure 2, a
shows the results obtained in comparison with the results obtained in an inert gas environment — argon.
In the CO, environment, a pronounced reduction peak appears on the PEDOT:PSS CV curve at a
potential of -1 V, which is absent in the argon environment. The presence of this peak indicates that
the PEDOT:PSS film has an electrochemical response to carbon dioxide.

Similar electrochemical studies in the presence of carbon dioxide were carried out for composite
films PEDOT:PSS/oriented nickel fibers. According to the results obtained (Fig. 2, b), the
reduction peak for the composite material, compared to a pure PEDOT:PSS film, shifts towards
positive potentials and appears at -0.75V. The shift in the reduction peak can be explained by the
fact that nickel fibers, which have high conductivity and large surface area, act as a catalyst in the
bulk of the polymer and reduce the electron transfer energy. The appearance of a reduction peak
for PEDOT:PSS and composite film PEDOT:PSS/oriented nickel fibers indicates the potential
for their application as an electrochemical CO, sensor.
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Fig. 2. CV-curves of the PEDOT-PSS film (@) and composite material (b) in carbon dioxide and argon
environment

Further, gas-sensitive elements for a conductometric sensor based on PEDOT:PSS and
composite film PEDOT:PSS/oriented nickel fibers were fabricated. The sensory properties of the
finished gas-sensitive elements were studied on specially designed equipment at room temperature.
The sensor response was calculated by the formula: R = (R — R)/R,, where R . is the sensor
resistance in the presence of the test gas, R is the sensor resistance before exposure to the test
gas. In addition to the sensor response, the concept of response time 1, is used in practice as a
parameter characterizing the speed of the gas-sensitive elements. ThlS 1s the time during which

the sensor response reaches a value equal to 0.9 of the maximum possible value (ng R)/R,.
The calculated values of R and 1, are shown in Table.
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Table
Sensor properties of gas sensitive elements

Types of gas-sensitive element

PEDOT-PSS film PEDOT:PSS / Orle?nted nickel fibers
composite film

R 0.28 0.57
1192 min 1038 min

A

09

According to the results obtained, both PEDOT:PSS and the composite film have a
conductometric response R to carbon dioxide, which manifests itself in a decrease in resistance.
However, as expected, the sensor response R of the composite material is larger and equals 0.57,
which is 2 times higher than that of the PEDOT:PSS film. Such a good response of the composite
material can be explained by the fact that the introduction of nickel fibers into the PEDOT:PSS
polymer matrix improves the conductivity and, accordingly, the sensitivity to the target gas. The
results obtained demonstrate the possibility of using the composite films PEDOT:PSS/oriented
nickel fibers in a conductometric CO, sensor.

It is known that PEDOT:PSS is a transparent conductive polymer with a wide bandgap.
The band gap of the PEDOT:PSS film was calculated from the CV curves. It turned out to be
equal to 1.56 ¢V, which is in good agreement with the literature data. For the composite film
PEDOT:PSS/oriented nickel fibers, the band gap remained unchanged. This suggests that this
material can be used not only as a conductometric sensor but also as an optical sensor for the
express analysis of greenhouse gases.

Conclusion

The composite material was obtained by introducing oriented nickel fibers into the
PEDOT:PSS polymer matrix. Electrochemical studies of the PEDOT:PSS film showed that
at potentials above 1.4 V the polymer is overoxidized, which leads to degradation and loss of
its functional properties. It has been established that the introduction of oriented nickel fibers
into the PEDOT:PSS polymer matrix shifts the polymer reduction peak from -1 Vto -0.75V,
i.e. reduces the electron transfer energy in the electrochemical reaction. The CV curves of
PEDOT:PSS and PEDOT:PSS/oriented nickel fibers recorded in carbon dioxide showed that
the films have an electrochemical response to CO, Conductometric studies carried out in
specially designed equipment showed that the sensor response R, of the composite material
is 2 times greater than that of pure PEDOT:PSS films and is equal to 0.57. The band gap
for PEDOT:PSS and PEDOT:PSS/oriented nickel fibers was calculated from the CV curves,
the value of which for both materials is 1.56 ¢V. Summarizing the obtained data, we can
conclude that a composite material based on PEDOT:PSS and oriented nickel fibers can be
used as an active element in conductometric CO, gas sensors, as well as in optical sensors
for express analysis.
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