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Abstract

Polyaniline (PANI) in its emeraldine base (PANI-EB) and salt (PANI-ES) forms

was combined with polyvinylpyrrolidone (PVP) to produce nanofibers in a one-

step electrospinning process using a nozzle-free electrospinning setup for the first

time. The surface morphologies and chemical structure of the composite nanofi-

bers were characterized by scanning electron microscopy (SEM), X-ray diffraction

(XRD), Fourier transform infrared spectroscopy—attenuated total reflectance

(FTIR-ATR), and energy-dispersive X-ray spectroscopy (EDX). Four PANI/PVP

electrospun nanofibers with different PANI concentrations were prepared to

investigate the effect of PANI concentration on the structure and properties of the

nanofibers. The incorporation of different contents of PANI-EB and PANI-ES in

the PVP solution and their impact on the fiber morphology were investigated.
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1 | INTRODUCTION

Electrospinning is a versatile process used for produc-
ing fibers with diameters on the order of tens of nano-
meters to micrometers.1–3 The one-dimensional
(1D) and two-dimensional (2D) structured materials
produced by electrospinning have attracted significant
attention due to their ease of synthesis, promising
properties, and possibilities of functionalization.4 Poly-
mer electrospun fibers have unique properties due to
their high surface-to-volume ratio, fiber-length-to-
diameter aspect ratio,5 and porosity (generally ≥70%).6

Nanofibers can be used for diverse applications such
as filtration,7 electronic textiles,8,9 drug delivery,5 tis-
sue engineering,10–12 wound dressing,13 sensors,14,15

and composites.16

The electrospinning process stimulates the electrified
liquid jets to whip and elongate to form fine fibers.
When a polymer solution is extruded through a nozzle-
spinneret during conventional electrospinning, electro-
static forces that are induced by applying a high voltage
cause a conical geometry known as the “Taylor cone” at
the nozzle's orifice. The production output of needle-
based electrospinning devices is typically low, ranging
from 0.01 to 0.3 g/h,17 so scaling up the process has been
investigated increasingly as a viable option for industrial-
izing the fabrication.18,19 This has typically been accom-
plished over time by enlarging the spinneret's structure
while maintaining an energetically secure and evenly dis-
tributed configuration.17 Nozzle-free (free-surface) elec-
trospinning is an alternative method that can produce
fibers at high throughput without being constrained by a
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clogged nozzle, as opposed to multi-nozzle electrospin-
ning, which can result in inhomogeneous fibers because
the electric field around a given nozzle is affected by the
nearby jets.20 Importantly, a lab-scaled high-throughput
system can provide an economical alternative to industri-
ally available upscaling equipment for nozzle-free elec-
trospinning research.19 In nozzle-free electrospinning, a
rotating cylinder electrode works against a biased rotat-
ing collector electrode in a bath of polymer solution. The
motor can be used to adjust the roller's rotational speed.
Multiple Taylor cones emerge from the rotating electrode
surface submerged in the solution bath when high-
voltage power with a potential greater than 40 kV is
applied between the two rotating electrodes. On the sur-
face of the rotating spinneret, a significant number of
Taylor cones are formed when voltage is applied to the
roller, causing the liquid to change into a conical shape.
It has been demonstrated that the nozzle-free electrospin-
ning method is a reliable and effective way to create
nanofibers.9,19

Intrinsically conducting polymers (ICPs) have drawn
considerable attention because of their controllable electri-
cal conductivity, ease of synthesis, low cost, magnetic, and
optical properties.21,22 A variety of conducting polymers
(e.g., polypyrrole (PPY),23 poly(p-phenylenevinylene)
(PPV),24 polyaniline (PANI),8 poly(3,4-ethylene dioxythio-
phene) (PEDOT),25 polythiophene (PTh),26 and other
derivatives, etc.), have unique electronic structures and
properties conferring ICPs with high electrical conductiv-
ity, high electron affinity, and low ionization potentials.
ICPs are organic polymers with controllable chemical and
electrochemical properties, including reversible doping/
dedoping.27 Conducting polymer (CP) nanotubes, nano-
wires, and nanofibers can be produced using a variety of
physical methods like electrospinning,4 chemical methods
like interfacial polymerization,28 template-free method,29

dilute polymerization,30 reverse emulsion polymeriza-
tion,31 etc., and different lithography techniques.32 Among
each established technique, large scale production with
controllable morphologies can only be produced using
electrospinning. Numerous publications have shown that
these conducting polymer nanostructures are promising
materials for making polymeric nano-devices like chemi-
cal and biosensors, field-effect transistors, field emission
and electrochromic display devices, super-capacitors, bio-
compatibility etc., and that they have clear advantages
over their bulk counterparts in many types of
applications.33,34

PANI has significant advantages among conducting
polymers, such as it is based upon a low-cost aniline
monomer, ease of synthesis, tunable electrical con-
ductivity, and high environmental stability.35 Conducting
polymer electrospun mats provide the possibility of

electrical conductivity while having a three-dimensional
(3D) network of fibers. These electrospun nanofibers
have higher porosity, higher surface area, and enhanced
surface functionalities than the original material or any
other known form of the material.36,37

PANI's electrospinning produces nanofiber-based
nonwoven composite with attractive features and
enhanced properties compared to the bulk material.
PANI has a low molecular weight, low solubility, infus-
ible nature, and rigid backbone structure, which makes it
necessary to be blended with other nonconducting elec-
trospinnable polymers to produce nanofibers. PANI exists
in three isolable oxidation states, fully reduced leucoe-
meraldine base (LE), half oxidized/ half reduced emeral-
dine base (EB), and fully oxidized pernigraniline (PE).
The conducting form of polyaniline emeraldine salt
(PANI-ES) is produced by doping of polyaniline emeral-
dine base (PANI-EB) with protonic acids38 and then
blended with other polymers to be electrospun.39 Many
researchers have reported the electrospinning of blends
containing a mixture of PANI and other polymers such
as polyvinylpyrrolidone (PVP),8 polystyrene,40 polyacry-
lonitrile (PAN),41 polyvinylidene fluoride (PVDF),37,42

and polyethylene glycol (PEO).43

Polyvinylpyrrolidone (PVP) is a water-soluble poly-
mer that has stability, a higher degree of compatibility
with other polymers on a molecular level, and high
mechanical strength.44 It can be thermally cross-linked
and can produce thermally stable blends.45 It imparts
properties such as high hardness, high crystallinity, low
solubility, and thermal resistance to blends.46 PVP is used
as a steric stabilizer to intercept the agglomeration of col-
loids.47 PANI and PVP blends are of particular interest
because they exhibit the electrical properties of PANI and
the mechanical properties of PVP.48 In PANI/PVP poly-
mer blends, a hydrogen bonding develops between the
carbonyl group of PVP and nitrogen-hydrogen of PANI,
which is responsible for PANI's dispersion in the blend.49

Doped PANI usage in polymer blend solutions has
been reported extensively in the litera-
ture.8,14,21,26,35,37,42,46,50–53 Much of the current literature
presents varying results on the electrospun materials'
enhanced electrical conductivity based on the doped
PANI. There are several disadvantages associated with the
use of doped PANI as compared to using pure PANI. First,
the solution blend process is more prolonged, requiring
several steps to get enough conductive PANI-ES. The fil-
tration of doped PANI is usually needed before it is used
in an electrospinning solution, which makes the estima-
tion of PANI's actual content in the final solution more
difficult.54

Prior research on PANI/PVP composite nanofibers
used doped,8 chemically modified,55–58 or filtered
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PANI.36,59 However, to the best of our knowledge, there
are no studies published in the scientific literature con-
cerning the development of electrospun composite fibers
using PVP and undoped EB and ES forms of polyaniline.
In this work, both PANI-EB and PANI-ES were blended
with PVP, and electrospun composite nanofibers were
produced using a nozzle-free electrospinning technique.
No filtration on PANI/PVP solution or chemical modifi-
cation of PANI/PVP electrospun blends has been per-
formed. The study aimed to investigate the nozzle-free
electrospun polyaniline emeraldine salt (PANI-ES) and
polyaniline emeraldine base (PANI-EB)/Polyvinylpyrroli-
done (PVP) blend fiber diameter, morphology, and
structure.

2 | MATERIALS AND METHODS

2.1 | Materials

The aniline monomer (99%, Alfa), ammonium peroxydi-
sulfate (APS) 98% (NH4)2S2O8, acetone (99.9%), NH4OH
(24%), hydrochloric acid (1 M HCl), sodium hypochlorite
(5% NaOCl), potassium biiodate (KH (IO3)2) and N,N-
dimethylformamide (DMF) were purchased from Aldrich.
Polyvinylpyrrolidone (PVP, Mw 1,300,000 g mol�1) was
purchased from Alfa-Aesar (USA). All the chemicals were
used without further purification.

2.2 | Preparation of polyaniline
emeraldine base and emeraldine salt

The standard polyaniline emeraldine base (PANI-EB)
was prepared using the procedure described in Reference
39. Aniline (5 g) dissolved in 75 mL of 1 M HCl and
25�C. Ammonium peroxydisulfate (12.4 g) was dissolved
in 70 mL of 1 M HCl and kept at 25�C. The two solutions
were mixed and allowed to stand at 25�C for 30 min. The
reaction mixture was then filtered using a Buchner fun-
nel and flask, and the residue was washed with
10 � 80 mL of acetone. The filter cake (PANI-ES) was
stirred in ammonium hydroxide solution (100 mL, 24%)
for 1 h before filtering and washing with 10 � 100 mL of
acetone. This was followed by drying under a dynamic
vacuum at 60�C for 48 h to give blue powder.

The conductive nanofibril polyaniline emeraldine salt
(PANI-ES) was prepared using a method followed from
Reference 38. Aniline (1 mL, 0.1 M) was dissolved in
100 mL of 1 M HCl at room temperature by magnetic
stirring for 15 min. A 100 mL of potassium biiodate
(KH (IO3)2) (0.012 mM) was added to the solution and
magnetically stirred for 5 min. Then the hypochlorite

(5 mL) was added to the solution and left for 20 min with
no stirring. The resulting green suspension product was
filtered in a Buchner funnel. It was then continuously
washed with hydrochloric acid (1 M HCl) and acetone
until the filtrate became colorless and then dried at 60�C
in a dynamic vacuum oven overnight.

2.3 | Electrospinning of PANI/PVP
nanofiber electrospun mat

The PVP solutions (15 wt% and 18 wt%) were prepared by
dissolving 12 g PVP and 14.4 g (Mw = 1,300,000 g mol�1)
powder in 80 mL of DMF and stirred overnight at 700 rpm
at room temperature. The PANI solution was then pre-
pared by dissolving 0.5 or 1 g of PANI-EB and PANI-ES
separately in 10 mL of DMF at room temperature under
continuous stirring at 400 rpm, respectively. The PANI-EB
and PANI-ES solutions were separately mixed with the
18 wt% PVP/DMF solution to prepare the master solution.
The mixed solution was stirred for 60 min to form a solu-
tion with complete homogeneity. The composition of each
electrospinning solution is mentioned in Table 1. The sam-
ples are denoted as EB-x and ES-x, where x represents the
weight percentage per mL (mg mL�1) of PANI-EB and
PANI-ES, respectively.

All solutions were electrospun using the home built
nozzle-free electrospinning setup as shown in Figure 1
and described in detail in Reference 19. The nozzle-free
electrospinning setup consists of a spiral coil spinneret
slowly rotating in a solution bath made of Teflon. High
voltage was connected with the rotating coil spinneret,
which was partially immersed in a solution bath. The col-
lector was connected with the opposite charge to that of
the spinneret. A total potential difference in the range
of 40–60 kV DC was applied between the two rotating
electrodes. As the coil spinneret slowly rotates, a thin
film of the polymer solution forms on the upper side of
the spinneret, allowing for the jetting of fibers from mul-
tiple Taylor cones formed on its surface.

Conditioned hot air is blown into the electrospinning
device from two heating assemblies. The heating assem-
blies can maintain a relative humidity of 15%–30% and a
temperature between 15 and 30�C. The distance between
the collector and the spinneret electrode was 15 cm.

2.4 | Characterization

All samples were examined under a scanning electron
microscope (JEOL JSM-IT100, JEOL Ltd., Japan) operat-
ing at an accelerating voltage of 10 kV. Each SEM sample
was prepared by placing each of them on carbon

WAQAS ET AL. 3 of 11
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conductive tape, which was attached to aluminum sam-
ple holders. Each sample was sputter-coated with a thin
evaporated layer of gold, until reaching a thickness of
approximately 100 Å using a sputter coater (AGB7341,
Agar Scientific, UK). The fiber diameters were measured
from the SEM images using the ImageJ software.60 The
fiber distribution was measured by selecting 50 fibers
from the SEM images and the mean value with the stan-
dard deviation of the fiber diameter was reported. The
EDX was performed on composite nanofibers using the
Zeiss Crossbeam 550 focused ion beam SEM. The polya-
niline dried powders were uniaxially pressed to produce
pellets in a small hydraulic press. The diameter of the die
was 13 mm, and 1-tonne force was applied for 3 min. The
electrical conductivity of dry pressed polyaniline pellets
was conducted employing the four point probe method
using an Ossila four-point probe. The electrical conduc-
tivity of the electrospinning solution was measured with

a portable Fisherbrand™ traceable conductivity measur-
ing device by dipping the probe in the polymeric solution.
The measured values of solution conductivity are shown
in Table 1. The Bruker D2 PHASER X-ray diffraction
(XRD) using Cu Kα X-rays of wavelength 1.54 Å was uti-
lized to investigate the polyaniline crystallinity with a 5�

per minute scan rate in the reflection mode over a range
of 2θ from 0 to 60�. The Fourier transform infrared
spectroscopy-attenuated total reflectance (FTIR-ATR)
spectra (4000–400 cm�1) of the samples were recorded
using an FTIR-ATR spectrometer, Nicolet iS10. The
FTIR-ATR spectrometer was used to confirm the pres-
ence of PANI/PVP-related functional groups and the
chemical structure of the PANI. The baseline correction
was made carefully using FTIR-ATR spectrometer soft-
ware. All analysis of samples was performed without any
additional sample preparation.

3 | RESULTS AND DISCUSSION

3.1 | Morphology and electrical
conductivity of synthesized polyaniline

Chemical oxidative polymerization of aniline is the tradi-
tional method for preparing polyaniline. The typical
fluffy granular powder morphology was observed for the
PANI-EB polymer, Figure 2a. Polyaniline prepared using
ammonium peroxydisulfate has a highly aggregated mor-
phology. Angelopoulos et al. reported that PANI-EB
tends to make inter-chain H-bonding between amine and
imine sites resulting in aggregate formation.61 Huang
et al.62 reported that oxidation of aniline is an exothermic
reaction and in the early polymerization process, polyani-
line nanofibers in the range of 30–50 nm are formed.
When ammonium peroxydisulfate solution is added to
aniline solution, after rapid sedimentation and aggrega-
tion the nanofibers become thickened and coarser, and
the resulting structure comprises irregularly-shaped
agglomerates.28 Green-colored PANI-ES was synthesized

TABLE 1 The different investigated concentrations of PANI/PVP and the corresponding electrical conductivity of the solution and

average fiber diameter.

Composition of electrospinning
solution in DMF Name of sample

The electrical conductivity
of the solution (μS cm�1)

Average fiber
diameter (nm)

150 mg mL�1 PVP PVP-1 7.22 166 ± 58

180 mg mL�1 PVP PVP-2 7.27 89 ± 15

5.55 mg mL�1 PANI-EB PANI-EB-5/PVP 10.15 366 ± 220

11.11 mg mL�1 PANI-EB PANI-EB-11/PVP 17.81 286 ± 136

5.55 mg mL�1 PANI-ES PANI-ES-5/PVP 37.4 189 ± 61

11.11 mg mL�1 PANI-ES PANI-ES-11/PVP 50.4 219 ± 57

FIGURE 1 Nozzle-free electrospinning setup with a high

voltage power source. A heating assembly was used for the

conditioning of air. Nanofibers arise from a coil spinneret and are

collected at a metallic collector. [Color figure can be viewed at

wileyonlinelibrary.com]
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after mixing aniline with two oxidants, potassium biio-
date, and hypochlorite, in 1 M HCl solution. The SEM
micrograph shown in Figure 2b demonstrates that the syn-
thesized PANI-ES consists of an irregular mixture of fibrils
and a few granular particles. The sodium hypochlorite's
facilitates nanofiber growth and reduces nucleation site
formation on the nanofiber surface.63 Therefore, thinner
and longer nanofibrils of PANI-ES were produced.

The bulk room temperature electrical conductivity of
polyaniline pellets was measured using the four-point
probe method. The electrical conductivity of PANI-EB is
undetectable, outside of the range of the used Ossila four-
point probe. Yilmaz et al. reported the electrical conductiv-
ity of PANI-EB in the order of magnitude of 10�3 S/cm.39

The electrical conductivity of PANI-ES is 13.1 ± 1.71 S/cm
which is ca. 7 times less than the value reported by Rahy
et al.38 Stejskal et al. reported that a 40% standard devia-
tion in polyaniline's conductivity is possible for a set of
polymerization even after following the same method.64

Variable electrical conductivity could be caused by differ-
ences in reaction conditions, sample processing, and elec-
trical measurement conditions, such as pellet size and
pressure applied to a compressed pellet. The electrical con-
ductivity of polyaniline can be greatly influenced by vary-
ing the different parameters of polymerization. To achieve
maximum electrical conductivity it is very important to
optimize the reaction speed, temperature, oxidant ratio,
time of reaction, and acid ratio of PANI polymerization.65

In addition to the above parameters, the diameter and
length of the nanofibril structure of PANI-ES may have an
influence on electrical conductivity. The average diameter
and length of synthesized PANI-ES nanofibrils are
124 ± 24 nm, and 1.16 ± 0.28 μm, respectively, while
Rahy et al. reported fibril average diameter and length of
ca. 50 nm and 4 μm, respectively.

3.2 | X-ray diffraction analysis

The crystallinity and orientation of conducting polymers
have been of much interest because more highly ordered

systems can display a metallic conductive state.38 Many
researchers reported that polyaniline has an X-ray dif-
fraction pattern consisting of three peaks at 15�, 20�, and
25�.63,66,67 Figure 3 shows that our sample also has three
crystalline peaks, at ca. 15�, 20�, and 25�, which indicates
that our sample has a crystalline nature. The characteris-
tic peaks appeared at 15�, 20�, and 25�, corresponding to
(011), (020), and (200) crystal planes of PANI.28,65

3.3 | Morphology of electrospun
nanofibers composite

PVP, PANI-EB/PVP, and PANI-ES/PVP electrospun fiber
composite were prepared employing nozzle-free electro-
spinning using varying fractions of PANI and PVP in the
solution system. The composition of the electrospinning
solution, the electrical conductivity of the solution, and
the fiber diameter of PVP and PANI/PVP electrospun
fibers are reported in Table 1. The average fiber diameters
observed for the electrospun composite were measured
from the SEM micrographs and determined by measuring

FIGURE 2 SEM micrograph of

(a) polyaniline emeraldine base

(PANI-EB) and (b) polyaniline

emeraldine salt (PANI-ES).

FIGURE 3 XRD graph of PANI-EB (black line) and PANI-ES

(red line). [Color figure can be viewed at wileyonlinelibrary.com]
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the diameters of at least 50 random fibers. Two different
forms: PANI-EB and PANI-ES were used with two differ-
ent concentrations, 5.55 mg mL�1 and 11.11 mg mL�1 in
the PANI/PVP electrospinning solution as given
in Table 1. It has to be noted that blends containing more
than 11.11 mg mL�1 PANI-ES were not suitable for elec-
trospinning due to the high viscosity and high electrical
conductivity of the solution.37

Figure 4 illustrates SEM images of the electrospun
composite of PVP, PANI-EB/PVP, and PANI-ES/PVP.
Histograms of the fiber diameter distributions and the
average values for each case are presented in Figure 5.
The electrospun fibers are randomly oriented fibrous net-
works. Figure 4a,b shows the electrospun fibers of pure
PVP; with increasing the concentration of PVP, the aver-
age fiber diameter was also reduced from 166 ± 58 nm to
89 ± 15 nm. PVP was dissolved in DMF, which facilitates
polymer dissolution by separating the ion pairs. Besides,
its presence in the solution could raise the charge density
and generate excessive charges, leading to nanofiber for-
mation with smaller diameters.68

The morphology of PANI-EB/PVP electrospun fibers
is shown in Figure 4c–f. The incorporation of PANI-EB
in PVP solution resulted in an increase in electrospun
fiber diameter to 366 ± 220 nm for PANI-EB-5/PVP
Figure 4c,d, in agreement with the increase in PANI-EB/
PVP electrospun fiber diameters with PANI-EB previ-
ously reported in the literature.36 It is worth noting that
the average fiber diameter of PANI-EB-5/PVP and PANI-
EB-11/PVP electrospun fibers decreases from
366 ± 220 nm to 286 ± 136 nm, respectively with increas-
ing PANI-EB content in the blend, as shown in
Figure 5c,d. This behavior could be attributed to the dif-
ference in solution viscosity because of densely entangled
polymer chains.69 The reduction in fiber diameter is
related to the high viscosity of the solution that prevents
the jet from breaking up into droplets. Moreover, the
increase in chain entanglements results in an increase in
viscoelastic force, which can be enough to prevent the
electrically charged jet's breakup.20 As a result, the
charged jet elongates toward the collector by Coulombic
stress, and the diameter of the jet decreases.69 As the
PANI-EB content increases in the electrospinning solu-
tion, an increased presence of encapsulated micrometer-
sized particles is detected attached within the PANI-EB/
PVP fibers, as shown in the SEM images Figure 4c–f.36

These particles might be undissolved PANI-EB, which
remains in the solution system while electrospinning.
Additional reasons for the encapsulation of PANI-EB par-
ticles might be the high surface tension of PANI mole-
cules and the number of entanglements of PVP chains
during the electrospinning process.37,40 The presence of
micro-sized porous particles of PANI-EB on the fiber sur-
face results in an electrospun matrix with a higher sur-
face area. The fibrous mat can be used to trap gaseous
agents and might have higher surface interactions with
polyaniline particles encapsulated within the electrospun
mats.53

For the PANI-ES/PVP solution, with increasing
PANI-ES content, the system electrical conductivity sub-
stantially increased, as mentioned in Table 1. The PANI-
ES may affect the solution's electrical and viscoelastic
properties by increasing its concentration in the solu-
tion.50 The higher charge density and ionic conductivity
can enhance the jet instability and higher splitting
degree, making the overall electrospinning process chal-
lenging to control.50 The potential difference of the
applied voltage was adjusted from 40 kV to 60 kV during
the electrospinning process to avoid the PANI-ES/PVP
solutions electrospraying.

In contrast to PANI-EB/PVP, PANI-ES/PVP fibers
display a different morphology. These nanofibers do not
have any particles attached. This change in morphology
might be attributed to the nano-sized fibrillar structure of

FIGURE 4 SEM images of (a) PVP-1, (b) PVP-2, (c, d) PANI-

EB-5/PVP irregularly-shaped undissolved polymer particles are

attached to nanofibers, (e, f) PANI-EB-11/PVP irregularly-shaped

undissolved polymer particles are attached to nanofibers, (g) PANI-

ES-5/PVP, and (h) PANI-ES-11/PVP.
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PANI-ES, see Figure 2b. Colloidal stabilization can be
achieved by electrostatic repulsion due to particle surface
charge and/or steric repulsion (by the introduction of a
polymer or a surfactant as stabilizer).70 The backbone of
the emeraldine form of polyaniline is positively charged
by a protonic acid (H+A�). Therefore, a stable colloid
could be formed through electrostatic repulsion without
using a steric stabilizer if the particle size is very small or
by steric repulsion via adsorbed PVP.47,71

The fiber morphology for PANI-ES-5/PVP and PANI-
ES-11/PVP was smooth, uniform, and randomly oriented
with a fiber diameter of 189 ± 61 nm and 219 ± 57 nm,
respectively, see Figure 4g,h. As the amount of PANI-ES
was increased from PANI-ES-5 to PANI-ES-11 in the PVP
solution, a small increase in fiber diameters was
observed, as presented in the histogram in Figure 5e,f.
The polyaniline emeraldine salt content, viscosity, and
strength of the electric field were the main parameters in
determining the fiber diameters. The incorporation of salt
increased the polymer jets stretching and reduced the

incidence of bead formation by distributing the charges
consistently to control the fiber uniformity.35,72,73

3.4 | FTIR-ATR of PANI and electrospun
nanofibers

FTIR-ATR spectra of PANI-EB, PANI-ES, and PANI/PVP
electrospun fibers are shown in Figure 6. The spectra of
PANI-ES show two maxima bands of quinoid and benze-
noid ring stretching vibrations at 1570 cm�1 and
1480 cm�1, respectively. The band at 1243 cm�1 is
C N+˙ stretching vibrations in the polaronic structure.
The prominent band �1136 cm�1 has been assigned to
vibrations of the NH+ structure.36,74–76 FTIR spectra
of PANI-EB powder demonstrate the vibrational bands
groups at 824 cm�1 and 1141 cm�1. The bands of quino-
noid and benzonoid ring vibrations were revealed at
1495 cm�1 and 1585 cm�1. The peak at 1377 cm�1 was
attributed to C N stretching in the neighborhood of a

FIGURE 5 Histogram of the

fiber diameters and average fiber

diameters of electrospun composite

(a) PVP-1, (b) PVP-2, (c) PANI-EB-5/

PVP, (d) PANI-EB-11/PVP, (e) PANI-

ES-5/PVP, and (f) PANI-ES-11/PVP.

[Color figure can be viewed at

wileyonlinelibrary.com]
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quinoid ring.28,39,75,77 The PVP spectra show two main
bands elongation of the accompanying OH is visible as a
broadband at approximately 3400 cm�1, and the strong
band at 1644 cm�1 was also linked to the stretching
vibrations of the free carbonyl groups in PVP. In addi-
tion, several bands are also seen in the range between

1245 and 1520 cm�1. Both the band at 1443 cm�1 and the
band at 1292 cm�1 are caused by the stretching of
the molecules (N C) O and (C N) C, respectively.78,79

The PVP and PANI/PVP nanofibers spectra are
almost identical because higher concentrations of PVP
are used to prepare the PANI/PVP electrospinning solu-
tion. The pure PVP nanofiber spectrum exhibits one char-
acteristic band at 1644 cm�1, which corresponds to free
carbonyl, while the PANI powder spectra exhibit no
absorptivity in the carbonyl region. In PANI/PVP nanofi-
bers spectra, this band gradually shifted to a mode of
lower frequency stretching. This shift can be attributed to
a rise in the stiffness of PVP rings and may also be seen
as proof of the existence of a hydrogen connection
between PVP and PANI.76,78

3.5 | Elemental analysis of electrospun
nanofibers

To identify the chemical composition of the particles
attached to the PANI-EB/PVP nanofibers composite, an
elemental analysis was carried out using Energy-
Dispersive X-ray spectroscopy (EDX). Three different
EDX spectra were obtained during the EDX analysis and
are shown in Figure 7. Both PVP and PANI have C, H,

FIGURE 6 FTIR-ATR spectra of PANI-EB, PANI-ES powders,

and PANI-PVP electrospun fibers in the 3500–500 cm�1 region.

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 EDX analysis of PANI-EB-11/PVP (a) SEM image showing the positions b, c, and d

(b–d) corresponding EDX spectra of PANI-EB-11/PVP corresponding to positions b, c, and d, respectively. [Color figure can be viewed at

wileyonlinelibrary.com]
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and N atoms in their chemical structures. PVP contains
the O atom, whereas PANI does not. The EDX spectrum
in Figure 7b on the irregular-shaped polymer particle at
position b in Figure 7a shows the elements of carbon (C),
chlorine (Cl), hydrogen (H), and gold (Au). The 6.1%
amount of Cl proves that PANI was synthesized in an
acidic medium (HCl).39,80 The electrospun nanofibers
were sputter-coated and this is the source of Au.
A focused ion beam was used to cut an irregularly shaped
polymer particle cross-sectionally (position c), and the
EDX analysis was performed on that exposed surface.
The spectrum at position c in Figure 7a presented in
Figure 7c exhibits lower levels of Au, but matches closely
the levels of C, H, and Cl shown in Figure 7b, providing
further verification that these irregular particles are
PANI-EB particles attached/incorporated to the electro-
spun fibers. However, the EDX spectrum at position d of
Figure 7a on electrospun fibers shown in Figure 7d has
peaks of C, H, and O, and the percentage of C is reduced
to 69%, indicating that these are the PVP/PANI blend
electrospun fibers.39,56

4 | CONCLUSIONS

In this work, polyaniline (PANI) in its emeraldine base
(PANI-EB) and salt (PANI-ES) forms was combined with
polyvinylpyrrolidone (PVP) to produce nanofibers in a one-
step electrospinning process using a nozzle-free electrospin-
ning setup. There has been no filtration of the PANI/PVP
solution before electrospinning or any other chemical mod-
ification performed on PANI/PVP electrospun nanofibers.
The different morphology of PANI-ES and PANI-EB
affected the PANI/PVP solution properties and influenced
the electrospinning process, morphology, and diameters of
the electrospun nanofibers. The electrospinning of the
PANI-EB/PVP solution is easy to perform compared to the
solution containing PANI-ES because the addition of
PANI-ES changes the solution's ionic conductivity. A
higher voltage was applied for PANI-ES/PVP solutions dur-
ing electrospinning to avoid electrospraying, which resulted
in slightly thinner nanofibers. The PANI-ES/PVP electro-
spun fibers are well formed, smooth, and uniform exhibit-
ing diameters of ca. 200 ± 60 nm. The PANI-EB/PVP
nanofibers have PANI-EB irregularly shaped microparticles
attached to the fibers, which are discontinuous and ran-
domly oriented. However, similar fiber morphology was
not observed for PANI-ES/PVP electrospun fibers due to
the nanofibril morphology of PANI-ES. The higher surface
area of PANI/PVP electrospun nanofibers and encapsula-
tion of PANI-EB particles around nanofibers make them
promising materials for gas sensing, filtration, biocompati-
bility, and membrane applications.
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