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Abstract. Electrically conductive micro- and nanofibrous nonwoven materials were obtained by 
electrospinning of solutions of polyaniline and a number commodity polymers (polyamide-6, polylactic 
acid, polystyrene, polyethylene oxide). The average fiber diameter is in the range of 0.5–6 μm, while the 
addition of polyaniline into the spinning solution leads to a decrease in fiber diameter. The composition 
of the obtained materials was confirmed by IR spectroscopy. It was found that during the electrospinning 
process the supramolecular structure of polyamide-6 and polylactide changes (from α-phase to γ- and 
amorphous phases, respectively), and polyaniline does not form crystalline structures. The specific electrical 
conductivity of the obtained nonwoven fabrics can reach 10–3 S/cm, which allows their application both in 
tissue engineering and in organic electronics.

DOI: 10.31857/S00234761250114e7

INTRODUCTION

Nonwoven materials possess unique physicochemical 
characteristics that ensure a wide range of applications in 
both research and commercial fields. The production of 
such materials by electrospinning (drawing fibers from a 
polymer solution or melt under the influence of a strong 
electric field) is currently relevant in energy generation 
and storage, water purification and environmental 
remediation, healthcare, and biomedicine [1]. At the 
same time, “traditional” high-volume thermoplastics 
and thermosets are dielectrics, as are nonwoven fabrics 
based on them. However, in some cases (e.g., in the 
field of organic electronics), these fibers need to be 
electrically conductive [2].

Conductive fibrous materials can be obtained 
by various methods. One approach is the creation 
of composite fibers containing a conductive filler. 
Such fillers may include carbon black [3, 4], carbon 
nanotubes [5–7], graphene and its derivatives [8–10], 
metals and their oxides [10–13], etc. Another approach 
involves coating fibers with a layer of metals or alloys, 
which also imparts electrical conductivity. Both steel 
and aluminum, as well as noble metals such as gold, 
silver, or platinum, can be used for this purpose [14, 
15]. Finally, inherently conductive polymers can also be 
utilized [16].

To date, several conductive polymers are known 
[17], with polyaniline being one of the most convenient 

in terms of its combined properties (conductivity, ease 
of production and processing, cost) [18]. However, 
polyaniline in its pure form does not form fibers due to 
the low viscosity of its solutions. Therefore, the simplest 
way to obtain materials based on it is electrospinning 
from a mixture with a fiber-forming polymer [19–21]. 
When selecting a fiber-forming polymer, it is important 
to consider the limited solubility of polyaniline and the 
need for its doping – e.g., with camphorsulfonic acid or 
para-toluenesulfonic acid.

The aim of this study is to obtain hybrid nonwoven 
conductive materials based on polyaniline and to 
investigate their morphology, structure, and properties 
depending on the fiber-forming polymer used.

METHODS AND MATERIALS

For fiber production, the following polymers were 
used: polystyrene (PS) 525M (Nizhnekamskneftekhim, 
Russia) with a melt flow index (MFI) of 10.2; polylactide 
(PLA) 4032D (Nature Works LLC, USA) with an MFI 
of 7.0; polyamide-6 (PA) Volgamid-27 (KuibyshevAzot, 
Russia) with a relative viscosity of 2.74; and polyethylene 
oxide (PEO) with a molecular weight of 2,000 kDa 
(Sigma-Aldrich, USA). The conductive component 
was polyaniline (PANI) in the emeraldine base form 
(Sigma-Aldrich, USA) with a molecular weight of 10 
kDa, along with camphorsulfonic acid (CSA) (99 %, 
Acros Organics). Solutions were prepared in chloroform 
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(CHCl3) (chemically pure, Komponent-Reaktiv, 
Russia) and hexafluoroisopropanol (HFIP) (99 %, 
PiM-Invest, Russia).

Spinning solutions were prepared by mixing the 
required amount of fiber-forming polymer and solvent 
(CHCl3 for PS, PLA, and PEO; HFIP for PLA and PA) 
on a magnetic stirrer for 24 hours. Conductive spinning 
solutions were prepared in two stages: first, 200 mg of 
PANI and 260 mg of CSA were dissolved in 10 mL of 
CHCl3 or HFIP and stirred on a magnetic stirrer for 
24 hours. The resulting solution was filtered to remove 
undissolved particles, after which the fiber-forming 
polymer was added and stirred for another 24 hours.

Solution electrospinning was carried out using 
a laboratory setup (Fig. 1a) based on a Spellman 
SL130PN30 high-voltage power supply, a Visma-
Planar DS-08 syringe pump as a dosing device, and a 
50 cm diameter aluminum disk as a collector for the 
produced material. Conductive materials were also 
deposited onto glass measuring cells with pre-deposited 
electrodes (Fig. 1b). The applied voltage was 18 kV, the 
interelectrode distance was 20 cm, and the solution feed 
rate was 3 mL/h.

Microphotographs of the nonwoven materials were 
obtained using a Thermo Scientific Fisher Phenom 
XL scanning electron microscope at an accelerating 
voltage of 5 kV without conductive coating deposition. 
Image processing and fiber diameter determination 
were performed using ImageJ 1.49 software. Infrared 
(IR) spectroscopy was conducted using a Thermo 

Fisher Scientific Nicolet iS5 FTIR spectrometer with 
an iD5  ATR accessory for attenuated total reflection. 
Spectra were recorded in the 4000–550 cm–1 range. X-ray 
diffraction (XRD) analysis of the samples was performed 
in transmission mode using a Rigaku SmartLab 
diffractometer (CuKα radiation, λ = 1.5408 Å). Contact 
angle measurements were conducted using a KRUSS 
DSA30E drop shape analysis system.

The electrical conductivity of the obtained 
nonwoven materials was measured using a Keithley 
4200-SCS semiconductor parameter analysis system at 
a voltage of 1 V. The specific conductivity of the final 
hybrid material was calculated based on the mass and 
geometry of the sample.

DISCUSSION OF RESULTS

To achieve high electrical conductivity in the 
resulting fibers, the fiber-forming polymer content 
must be minimized. Therefore, the first step was 
electrospinning from pure polymers to determine 
the minimum concentration required for stable fiber 
formation. Electrospinning of PA solutions in HFIP was 
carried out within a concentration range of 2–6 wt.%. 
When spinning from a 2 % solution, a transition process 
from electrospraying to electrospinning was observed, 
resulting in a material consisting of particles 2–3 µm 
in diameter, connected by fiber fragments. Increasing 
the polymer concentration to 4 wt.% yielded fibers 
with an average diameter of ~500  nm, though some 

1 2 3 4 5 6
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Fig. 1. Schematic diagram of the experimental setup for producing nonwoven materials (a): 1  – feeder, 2  – polymer solution,  
3  – capillary, 4  – high voltage source, 5  – primary jet, 6  – receiving device. The resulting materials from pure PEO (top) and 
PEO–PANI/CSA, formed on a plate with applied metal electrodes (b).
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spindle-shaped defects remained. Using a 6 % solution 
produced defect-free fibers with an average diameter 
of 0.7 µm. Electrospinning from a PA–PANI/CSA 
mixture (at a PA concentration of 6 wt.%) resulted in 
defect-free fibers with an average diameter of 0.6 µm 
(Fig. 2a).

For PLA fibers, solutions in HFIP (3–9 wt.%) 
and CF (4–10 wt.%) were used. Electrospinning from 
a 3 % PLA solution in HFIP produced fibers with 
numerous defects and an average diameter of 0.8 µm. 
Increasing the polymer content to 6 wt.% resulted in 
defect-free fibers with an average diameter of 1.3 µm, 
while at 9 wt.%, fibers reached 3.2 µm in diameter. 
Electrospinning from a PLA–PANI/CSA mixture (at a 
6 % fiber-forming polymer concentration) reduced the 
average fiber diameter to 0.45 µm. Electrospinning of 
PLA solutions in CF at 4 wt.% led to electrospraying, 
while at 6 %, fibers formed but contained numerous 
spindle-shaped defects. At 8 %, round, defect-free 
fibers with an average diameter of 7.5 µm were obtained. 
However, adding PANI/CSA to an 8 % PLA solution 
caused a transition to electrospraying, resulting only in 
fragmented fiber segments, necessitating an increase 
in PLA concentration to 9 wt.%. From this solution, 
hybrid conductive nonwoven PLA–PANI/CSA mats 
with an average fiber diameter of less than 2 µm were 
obtained.

PEO electrospun from CF produced fibers with an 
average diameter of 1.2 µm at just 0.7 wt.% polymer 
content. The addition of PANI–CSA resulted in a 
minimal change in the average fiber diameter, reducing 
it to 1.1 µm (Fig. 2b).

Electrospinning of PS solutions at 5–10 wt.% resulted 
only in particle formation (electrospraying), with sizes 
reaching 50–70 µm. When using a 15 % solution, the 
material consisted of fibers (average diameter 3.2 µm) 
with numerous spindle- and dumbbell-shaped defects. 
Increasing the concentration to 20 wt.% resulted in 
defect-free ribbon-like fibers with an average width of 
12 µm and a thickness of 4 µm, which is equivalent in 
cross-sectional area to round fibers with a diameter of 

8 µm. Electrospinning from a PS–PANI/CSA mixture 
reduced the equivalent fiber diameter to 6 µm (Fig. 2c).

Thus, hybrid PANI-containing nonwoven materials 
can be obtained using any of the fiber-forming polymers 
employed in this study. However, due to significant 
differences in the polymer concentration required for 
fiber formation, the proportion of PANI in the materials 
varies significantly (lowest in PS-based material at 5.8 % 
and highest in PEO-based material at 35.7 %). This is 
also reflected in the appearance of the nonwoven mats: 
while all exhibit a green color characteristic of PANI in 
its emeraldine base form, their color intensity varies due 
to differences in the conductive component content. 
PS–PANI/CSA mats appear light green, PA– and 
PLA–PANI/CSA mats are bright green, while PEO–
PANI/CSA mats (Fig. 1b) are dark green.

The wettability of the nonwoven materials is 
an important characteristic affecting their practical 
applications. The obtained nonwoven PLA and 
PS materials exhibit high hydrophobicity (contact 
angle > 130°), which is retained in conductive 
PLA–PANI/CSA and PS–PANI/CSA materials. 
Nonwoven PA material initially also demonstrates 
hydrophobic properties (contact angle ~140°), but after 
exposure to water and drying, it irreversibly loses them 
[26]. In contrast to pure PA mats, the hybrid conductive 
PA–PANI/CSA material exhibits water absorption from 
the outset, making it suitable for applications requiring 
good liquid wetting, such as tissue engineering.

During electrospinning, the polymer jet undergoes 
high-speed stretching in an electric field, which can 
alter the polymer’s supramolecular structure. Analysis 
of wide-angle X-ray diffraction patterns indicates 
that the initial polyamide-6 predominantly contains 
α-form crystallites, corresponding to reflections at 
(200) at 2θ = 20.4° and (002)/(202) at 23.9° [25, 26]. 
During electrospinning, a transition to the metastable 
γ-form occurs in the fibers (reflection at (200) at 
21.3°), while in films cast from the spinning solution, 
the α-form is retained (Fig. 3a). A similar pattern is 
observed for polylactide (Fig. 3b): the initial polymer 

10 µm 10 µm 20 µm

(а) (b) (c)

Fig. 2. Micrographs of nonwoven hybrid conductive materials based on PA (a), PEO (b) and PS (c).
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is partially crystalline, with reflections at (110)/(200) at 
16.5° and (203) at 18.9°, characteristic of the α-phase 
[27, 28]. Electrospinning produces only an amorphous 
phase, as indicated by a broad halo in the diffraction 
patterns, whereas the cast films retain the original 
crystalline structure. In contrast, polyethylene oxide 
and polystyrene do not exhibit significant changes 
in supramolecular structure during electrospinning. 
For all PEO-based samples (Fig. 3c), reflections 
corresponding to the monoclinic crystalline phase are 

observed, with the most intense being (120) at 19.1° and 
(112) at 23.3° [29, 30]. For PS, an amorphous polymer, 
the diffraction patterns show only a broad halo centered 
at 19.4° [31, 32].

Various models of the crystalline structure of 
PANI/CSA are known, based on the analysis of 
diffraction patterns of materials with different degrees of 
macromolecular ordering [33]. One such model is the 
triclinic structure composed of double layers of PANI 
chains separated by double layers of CSA anions [34]. 
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Fig. 3. Wide-angle diffraction patterns (left) and IR spectra (right) of samples based on polyamide (a), polylactide (b) and polyethylene 
oxide (c): 1 – initial polymer, 2 – polymer film, 3 – polymer film with PANI/CSA, 4 – non-woven polymer material, 5 – non-woven 
polymer material with PANI/CSA.
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The crystallinity of solution-cast PANI/CSA films 
is significantly influenced by the solvent system used 
[35]. In particular, for HFIP and CF, a decrease in the 
intensity of the peak associated with intermolecular 
π–π interactions has been observed. 

Although CSA-doped PANI can form crystalline 
structures, the corresponding reflections are not 
observed in the obtained samples (Fig. 3, curves 3 
and 5). It is likely that the use of PANI/CSA mixtures 
with fiber-forming polymers disrupts the formation 
of ordered crystalline regions during electrospinning. 
A similar situation was described in [36] for samples 
based on a mixture of doped PANI with PEO, where 
only reflections of the fiber-forming polymer were 
detected. In [37], for PLA mixtures with PANI doped 
with p-toluenesulfonic acid, diffraction patterns of 
film samples exhibited a weak broad reflection in the 
range of 8.4°–9.5° and very weak reflections at 27.2°, 
29°, and 31.4°, attributed to the doped PANI, which 
were not observed in the corresponding nonwoven 
materials. Thus, the absence of PANI/CSA reflections 
in nonwoven materials may be explained by a significant 
contribution of the amorphous phase and the high 
disorder of PANI chain structures [38].

The IR spectra of all samples contain absorption 
bands characteristic of fiber-forming polymers. For 
PA (Fig. 4a), these include N–H stretching vibrations 
(3297  cm–1), Amide I (1638 cm–1) and Amide II 
(1541  cm–1) bands, C–H stretching (2934 and 
2822 cm–1) and bending (1463 and 1170 cm–1) vibrations 
[25, 26]; for PLA (Fig. 4b), characteristic bands include 
carbonyl stretching (1756 cm–1), C–O stretching 
(1200–1000  cm–1), and C–H stretching (2995 and 
2945 cm–1) and bending (1454, 1383, and 1361 cm–1) 
vibrations [24, 28]. PS is characterized by C–H stretching 
vibrations in the aromatic ring (3100–3000 cm–1) and 
in methylene groups (2923 and 2850 cm–1), aromatic 
ring vibrations (1601 and 1493 cm–1), C–H bending 
vibrations in methylene groups (1452 cm–1), and out-
of-plane C–H bending vibrations in monosubstituted 
aromatic rings (757 and 698 cm–1) [31, 32]. The IR 
spectra of PEO (Fig. 4c) show C–H stretching (2946 
and 2884 cm–1) and bending (1467, 1360, 1342, 1280, 
1241, 962, and 843 cm–1) vibrations, as well as C–O and 
C–C stretching vibrations (1147, 1100, and 1061 cm–1) 
[23, 30].

Additionally, the spectra of conductive materials 
obtained from PANI/CSA mixtures contain extra 
absorption bands characteristic of CSA-doped PANI: 
N–H stretching at 3235 cm–1, C–H stretching in the 
aromatic ring at 3070–3060 cm–1, quinonoid and 
benzenoid ring bending vibrations at 1582 and 1491 cm–1, 
C=N stretching at 1378 and 1304 cm–1, carbonyl stretching 
at 1740 cm–1, and sulfonyl group stretching at 1040 cm–1 
[22–24]. Some of these bands may overlap with more 
intense bands of the respective fiber-forming polymer.

It should be noted that in materials obtained by 
electrospinning solutions, residual solvent retention is 

possible even after prolonged air exposure. Fig. 4 presents 
IR spectra fragments of PLA-based samples (films and 
fibers) obtained from HFIP and CF. The presence of 
CF is confirmed by the absorption band at 669 cm–1 
and a significant increase in intensity at 755 cm–1 (where 
PLA and CF absorption bands overlap) [39], while 
the presence of HFIP is indicated by absorption bands 
at 894, 839, 736, and 686 cm–1 [40]. Therefore, when 
using such fibrous materials for biological and medical 
applications, an additional solvent removal stage is 
necessary to reduce their cytotoxicity.

The results of electrical conductivity measurements 
of the obtained materials, as well as the PANI content 
in the corresponding fibers, are shown in Fig. 5. As 
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Fig. 4. IR spectra of polylactide-based samples in the range of 
1000–600 cm–1: 1 – initial polymer; 2, 3 – nonwoven material 
and film obtained from a solution in CF; 4, 5  – nonwoven 
material and film obtained from a solution in HFIP.
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seen from the results, the conductivity of the samples 
increases with the PANI content in the fiber. The 
PS–PANI/CSA materials exhibit both the lowest 
content of the conductive component (5.8 wt.%) and the 
lowest conductivity (~10–10 S/cm). PA–PANI/CSA and 
PLA–PANI/CSA samples (obtained from HFIP, where 
fiber formation is possible at lower PLA concentrations) 
demonstrate conductivity of ~10-⁶ S/cm, making them 
suitable as matrices for electrically stimulated cell 
culture growth [24]. The highest conductivity (up to 
~10–3 S/cm) is observed in nonwoven PEO–PANI/
CSA fabrics, where the conductive component content 
is maximal (35.7 wt.%). Materials with this level of 
conductivity can already be used in organic electronics, 
such as sensors [23].

CONCLUSION

Nonwoven materials based on polyaniline and 
several large-scale fiber-forming polymers were 
obtained and characterized. The possibility of producing 
conductive nonwoven materials with an average fiber 
diameter of 0.5–6 µm was demonstrated. The addition 
of PANI/CSA to the spinning solution leads to a 
decrease in the average fiber diameter compared to the 
fiber-forming polymer solution, which may be related 
to a reduction in viscosity upon PANI introduction. 
During electrospinning, supramolecular structural 
changes occur in polyamide-6 (transition from the α- to 
the γ-phase) and polylactide (transition from the α- to 
the amorphous phase), while PANI itself does not form 
crystalline structures. The conductivity of the obtained 
materials increases with the PANI content in the fiber 
and can reach 10–3 S/cm, making them applicable in 
both tissue engineering and organic electronics.
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