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Electrically conductive polyaniline (PANI)-coated electrospun poly(vinylidene fluoride)

(PVDF) mats were fabricated through aniline (ANI) oxidative polymerization on electrospun

PVDF mats.The effect of polymerization condition on structure and property of PVDF/PANI

mats was investigated.The electrical conductivity and PANI content enhanced significantly

with increasing ANI concentration due to the formation of a conducting polymer layer that

completely coated the PVDF fibers surface.The PANI deposition on the PVDF fibers surface

increased theYoung modulus and the elongation at break reduced significantly. Attenuated

total reflectance-Fourier transform Infrared spectroscopy revealed that the electrospun

PVDF and PVDF/PANI mats display a polymorph crystalline structure, with absorption bands

associated to the β, α, and γ phases.
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INTRODUCTION

The development of electrospun mats based on intrinsically con-
ducting polymer (ICP), such as polypyrrole (PPy) and polyani-
line (PANI) is interesting due to the possibility of combining
the optical, electrical, and magnetic properties of ICP with the
three-dimensional fiber network of the electrospun mats (Mer-
lini et al., 2014a). Additionally, the electrospun mats display very
large surface area (Merlini et al., 2014b) small pore size and
very high porosity (Chronakis et al., 2006), superior mechani-
cal performances (e.g., stiffness and tensile strength), and surface
functionalities when compared with any other known form of the
material (Huang et al., 2003).

Conducting polymer electrospun mats have been produced by
different approaches. The first one is the direct electrospinning, in
which fibers are electrospun from a conducting polymer suspen-
sion (MacDiarmid et al., 2001; Yu et al., 2008b; Srinivasan et al.,
2010) or a mixture comprising insulating polymer and ICP sus-
pension in a common solvent (Norris et al., 2000; Bagheri and
Aghakhani, 2012; Lin et al., 2012; Merlini et al., 2014b). It is well
know that ICP are insoluble in the most organic solvents, hence
it is difficult to obtain an electrospun mat of neat ICP. On the
other hand, the electrospinning of an insulating polymer and ICP
suspension is an easy alternative to produce conducting electro-
spun mats with good mechanical properties, but lower electrical
conductivities are obtained when compared with those found for
electropun ICP (Yu et al., 2008a; Merlini et al., 2014b; Sarvi et al.,
2014). The second one is an indirect technique, in which the

insulating polymer is electrospun and after that, the polymer fiber
mat is coated with the ICP through in situ oxidative polymeriza-
tion (Ji et al., 2010; Yu et al., 2011; Aznar-Cervantes et al., 2012;
Chen et al., 2013). The in situ oxidative polymerization consists to
swell the insulating polymer mat in a monomer or oxidant aqueous
solution. The polymerization is carried out by adding an oxidant
or monomer solution in the vessel containing monomer or oxidant
and the polymer mat (Malinauskas, 2001). By choosing the appro-
priated reaction conditions, such as the monomer concentration,
oxidant-to-monomer molar ratio, reaction temperature and time,
the polymerization takes place preferentially on the polymer fiber
mat (Merlini et al., 2014a). The deposition of ICP on electrospun
mats through in situ oxidative polymerization provides the possi-
bility of obtaining a new hybrid material that displays functional
properties not available in any single material. ICP-coated electro-
spun insulating polymer mats can display electrical conductivity
similar to neat ICP without a significant reduction on the mechan-
ical properties of insulating matrix (Huang et al., 2004; Merlini
et al., 2014a).

Among the ICP, PANI has been widely studied and used in
many technological fields because of relatively high conductivity
(σ) (emeraldine salt form σ >1 S cm−1) (Huang et al., 2004), redox
reversibility, and environmental stability. Furthermore, its easy
polymerization and low monomer cost are also attractive (Chen
et al., 2013). According to the desired properties, a wide range of
insulating polymers can be electrospun and used as template for
PANI coating. Among insulating polymers, the poly(vinylidene
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fluoride) (PVDF) is a suitable polymer for development of electro-
spun conductive mats due to its unique pyroelectric/piezoelectric
features, mechanical properties, and easy processability (Huang
et al., 2010; Merlini et al., 2014a). In our previous study (Merlini
et al., 2014a), conductive PPy-coated PVDF mats with electro-
sensitive properties were prepared through pyrrole (Py) oxida-
tive polymerization on electrospun PVDF mats. However, to our
best knowledge, there are no studies concerning on the PANI-
coated PVDF. Based on this context, the focus of this study is
to develop PANI-coated electrospun PVDF mats through aniline
(ANI) oxidative polymerization on the electrospun PVDF fibers
surface, by using Iron (III) chloride hexahydrate (FeCl3·H2O) as
oxidant. The influence of synthesis condition, such as monomer
concentration and reaction time, on the structure and physical
properties was investigated.

EXPERIMENTAL

MATERIALS

Aniline (analytical grade, Merck) was distilled under vacuum
and stored in a refrigerator. Iron (III) chloride hexahydrate
(FeCl3·6H2O) (analytical grade, Vetec) was used without further
purification. PVDF commercially designated Solef 11010/1001
was kindly supplied by Solvay do Brasil Ltda. Dymethylformamide
(DMF) (99.8%) and acetone (99.5%), both P.A.–ACS reagents,
were purchased from Synth. Hydrochloric acid,ACS reagent grade,
37%, was purchased from Nuclear.

PREPARATION OF PVDF MATS BY ELECTROSPINNING

Poly(vinylidene fluoride) was dissolved in DMF under stirring for
2 h at 70°C, resulting in a solution of 20 wt%. After cooling to room
temperature, acetone was added to the solution under stirring in
a DMF/acetone proportion of 75/25 by weight. The solution was
electrospun through a 5 mL syringe (needle with internal diame-
ter of 0.5 mm) using a syringe pump (KD-100, KD Scientific) at
a flow rate 2.5 mL h−1. The electric field was generated using a
high voltage supply (Testtech), which generates DC fields from 0
to 30 kV. The positive pole was connected to the syringe needle and
the collector plate was grounded. PVDF fibers mats were obtained
using an electric potential of 15 kV and needle-collector distance
of 30 cm, at 25°C and humidity of 54%.

POLYANILINE COATING

Poly(vinylidene fluoride) mats obtained by electrospinning were
coated with PANI through the in situ oxidative polymerization,
using Iron (III) chloride hexahydrate (FeCl3·6H2O), as an oxi-
dant. First, dried electrospun PVDF mats with width of 20 mm
and length of 35 mm were immersed in 0.062 L of hydrochloric
acid solution (HCl 0.1 mol L−1) under stirring at room tempera-
ture and then an appropriate amount of ANI was added. After
10 min, the FeCl3·6H2O dissolved in 0.05 L of HCl acid solu-
tion was slowly added. In order to achieve the optimal reaction
condition, the polymerization was performed using different ANI
concentrations (0.05–0.5 mol L−1) and reaction times (from 3 to
24 h). The oxidant-to-monomer molar ratio was 3/1. After the
reaction, PANI-coated PVDF mats were washed thoroughly with
HCl solution in order to extract the byproducts and wastes of the
reaction and vacuum dried at room temperature. The samples

were denoted as PVDF/PANI [x], where x represents the ANI con-
centration in the polymerization medium. For comparison, neat
PANI was also synthesized using similar methodology, by using
0.05 mol L−1 of ANI and 6 h of reaction.

CHARACTERIZATION

Electrical conductivity measurements of PANI and PANI-coated
electrospun PVDF mats were performed using the four probe
standard method with a Keithley 6220 current source to apply
the current and a Keithley Model 6517A electrometer to measure
the potential difference. For neat PVDF, the measurements were
performed using a Keithley 6517A electrometer connected to a
Keithley 8009 test fixture. Sample measurements were performed
at least five times at room temperature.

The morphology of the samples was analyzed using a scan-
ning electron microscope (SEM), Zeiss–Evoma-15. The samples
were coated with gold and observed using an applied tension
of 10 kV.

An elemental analysis (carbon, hydrogen, and nitrogen) was
performed with a Perkin–Elmer CHN 2400 analyzer. The com-
bustion process was held at 925°C using pure oxygen (99.995%).

The tensile properties of electrospun PVDF and PANI-coated
electrospun PVDF fibers mats with thicknesses in the range
500 µm were performed in a Dynamic mechanical analyzer (Q-
800, TA Scientific) equipped with clamp for films. The analysis was
performed six times for each sample on different specimens, with
speed of 3 mm min−1 at room temperature. The tensile strength at
break, Young’s modulus, and elongation at break were calculated
from the stress–strain curves.

Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) was performed in a Bruker spectrome-
ter, model TENSOR 27, in the range of 4000–600 cm−1 by
accumulating 32 scans at a resolution of 4 cm−1.

Thermogravimetric analysis (TGA) were carried out on a
STA 449 F1 Jupiter® (Netzsch) instrument at a heating rate
of 10°C min−1, from 35 to 700°C, under nitrogen flow of
50 cm3min−1.

RESULTS AND DISCUSSION

The effect of the ANI content on the electrical conductivity was
investigated in order to produce PANI-coated electrospun PVDF
mats with the highest electrical conductivity using the lowest ANI
content. Figure 1 shows the electrical conductivity and digital
photographs of PVDF/PANI mats with different ANI concen-
trations after 6 h of reaction. From the photographs, it is possi-
ble to observe that the color of mats changes from white (neat
PVDF) to green, and dark green with increasing the monomer
concentration. The PVDF/PANI mat synthesized by using ANI
concentration of 0.05 mol L−1 displays an irregular coating on
the PVDF surface and consequently lower electrical conductivity
of (2.6 ± 0.3) × 10−5 S cm−1 is obtained. However, with increas-
ing the monomer concentration the electrical conductivity of the
mats increases significantly. When ANI content used in the poly-
merization is higher than 0.2 mol L−1, the electrical conductivity
of the PVDF/PANI mats is 16 orders of magnitude higher than
that found for the neat PVDF [(3.2 ± 0.4) × 10−16 S cm−1], which
is quite similar to that found for the neat PANI (3.3 ± 0.2 S cm−1).
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FIGURE 1 | Electrical conductivity of PVDF/PANI mats as function of

aniline concentration in the polymerization medium. Digital

photographs of (A) PVDF and PVDF/PANI mats with monomer

concentration of (B) 0.05 mol L−1, (C) 0.1 mol L−1, (D) 0.3 mol L−1, and

(E) 0.5 mol L−1.

On the other hand, for ANI content up to 0.5 mol L−1, the
polymerization also occurs outside of the PVDF fibers mats, due
to the large amount of monomer in the reaction medium. This
result indicates that a monomer concentration corresponding to
0.3 mol L−1 is enough to producing efficient coating of the mem-
branes with electrical conductivity quite similar to that found for
the neat PANI.

The influence of polymerization time on the electrical con-
ductivity of PVDF/PANI was also evaluated (Figure 2) by using a
monomer concentration of 0.3 mol L−1. During polymerization,
the PVDF mats turn from white to green within 3 h of reaction,
indicating a PANI coating on the PVDF fibers. However, this mem-
brane displays a slightly low electrical conductivity. After 6 h, the
electrical conductivity does not depend on the reaction time and
remaining practically constant.

The SEM micrographs of PVDF/PANI mats obtained by using
different ANI concentration in the polymerization and electro-
spun PVDF are shown in Figure 3. The electrospun PVDF mat
(Figure 3A) is constituted of three-dimensional network structure
with randomly oriented fibers, with diameter of 0.8 ± 0.2 µm. The
PVDF/PANI mats synthesized through different ANI concentra-
tion (Figures 3B–D) comprising PANI continuous layer on the
PVDF fibers surfaces. With increasing the ANI content, the con-
ducting layer thickness increases and some PANI in the form of
agglomerates can be observed on the fiber surfaces (Figure 3D).
This morphology is responsible for the electrical conductivities
of the membranes, which are quite similar to that found for
neat PANI.

FIGURE 2 | Electrical conductivity as function of reaction time of

PVDF/PANI mats obtained with aniline concentration of 0.3 mol L−1.

Table 1 shows the elemental analysis obtained by CHN, the
PANI content estimated by elemental analysis and the tensile prop-
erties of PVDF before and after coating with PANI. Considering
that nitrogen is absent in the PVDF structure, the PANI amount
incorporated on the PVDF surface during the in situ oxidative
polymerization was determined by the nitrogen difference in the
neat PANI and PANI-coated PVDF fibers mats, according to the
procedure described in the literature (Merlini et al., 2014b). The
PANI amount deposited on the PVDF fibers increases signifi-
cantly with increasing monomer concentration. PVDF/PANI mats
exhibit PANI content of 11.6, 28.4, and 39.8 wt% for ANI con-
centration of 0.1, 0.3, and 0.5 mol L−1, respectively. PVDF/PANI
[0.1] membrane displays small amount of PANI and hence, it
presents lower electrical conductivity [(2.4 ± 0.4) × 10−2 S cm−1]
than that found for membranes with higher PANI content. On the
other hand, PVDF/PANI mats with approximately 28 and 40 wt%
of PANI display electrical conductivity quite similar to that found
for neat PANI. This behavior indicates that for these ANI con-
centrations, a uniform layer is formed on the fiber mats reaching
maximum electrical conductivity of 0.1 S cm−1.

Figure 4 shows the representative stress–strain curves of elec-
trospun PVDF and PANI-coated PVDF mats. PVDF mat shows
typical ductile behavior with 21.2 ± 0.6% of elongation at break,
while the tensile strength and Young modulus are 0.6 ± 0.1 and
6.5 ± 0.4 MPa, respectively. The tensile strength of the PANI-
coated PVDF composites remains almost the same, regardless the
amount of ANI used in the synthesis, as shown in the Table 1.
On the other hand, a significant increase in the Young modulus
and a decrease in elongation at break are observed with increas-
ing the PANI concentration. These results may be attributed to
the rigidity of PANI and to the presence of adhered PANI layers
that improve the interfiber bonding, reducing the mobility of the
PVDF fibers.

The thermogravimetric curves of PANI, electrospun PVDF, and
PVDF/PANI mats are reported in Figure 5. The electrospun PVDF
mat exhibits only one weight loss at 469°C (midpoint from DTG),
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FIGURE 3 | Scanning electron microscope micrographs of (A) electrospun PVDF mats, (B) PVDF/PANI [0.1], (C) PVDF/PANI [0.3], (D) PVDF/PANI [0.5]

after 6 h of reaction.

Table 1 | Elemental analysis, PANI content, and tensile properties of electrospun PVDF, PVDF/PANI mats.

Sample Proportion of Pani content (wt%)a σ (MPa) ε (%) E (MPa)

C H N

PVDF – – – 0.0 0.6 ± 0.1 21.2 ± 0.6 6.5 ± 0.4

PANI 46.2 ± 0.1 4.3 ± 0.1 9.5 ± 0.1 100.0 – – –

PVDF/PANI [0.1] 34.8 ± 0.2 3.0 ± 0.1 1.1 ± 0.2 11.6 ± 0.2 0.5 ± 0.1 14.5 ± 0.4 6.9 ± 0.3

PVDF/PANI [0.3] 37.2 ± 0.3 3.8 ± 0.1 2.7 ± 0.1 28.4 ± 0.1 0.4 ± 0.1 6.5 ± 0.5 7.9 ± 0.4

PVDF/PANI [0.5] 39.1 ± 0.7 3.5 ± 0.2 3.8 ± 0.2 39.8 ± 0.2 0.4 ± 0.1 3.6 ± 0.3 17.1 ± 0.5

aFrom CHN elemental analysis.

which is attributed to the decomposition of polymer chains with
a residual weight of 30.5% at 700°C (Zhong et al., 2012; Ramôa
et al., 2014). The neat PANI presents two main weight loss stages.
The first stage with maximum at 105°C is related to the presence of
moisture. The second one with weight loss from 277°C up to 390°C
is attributed to degradation polymer backbone. The PVDF/PANI
mats start to decompose at lower temperatures than neat PVDF.
The degradation profile of the PVDF/PANI [0.1] is quite similar
to the PVDF. However, increasing the PANI content on the fibers
surface, the onset temperature of the mats decreases. However, it is
possible to observe that, the PANI deposited on the fibers surface
starts to decompose at higher temperature when compared with
neat PANI. This behavior can be attributed to the dipole–dipole
interaction between the –F− (–C–F) groups of PVDF and the H+

(=N–H) groups of PANI (Merlini et al., 2014b).

The FTIR spectra of neat PANI, electrospun PVDF, and
PVDF/PANI mats are shown in Figure 6. In the FTIR spectrum of
PVDF, absorption bands associated to the β, α, and γ phases are
identified. The absorption bands at 1402 and 876 cm−1 are attrib-
uted to the C–F stretching vibration of amorphous phase, while
the bands at 1172 cm−1 assigned to the C–C bond (Gregorio and
Borges, 2008; Yu and Cebe, 2009). The electrospun mats spectrum
shows the presence of β phase (bands at 1274 and 837 cm−1),
which offers the highest piezo-, pyro-, and ferro-electric proper-
ties and it is mainly interesting for sensing applications (Merlini
et al., 2014a).The PANI spectrum exhibits absorption bands at
1540 and 1400 cm−1 associated to the quinone and benzene ring
stretching deformations. The band at 1274 cm−1 corresponds to
C–N+ stretching vibration (Trchová et al., 2004). The PVDF/PANI
[0.1] exhibited overlapped absorption bands of both components.
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FIGURE 4 | Representative stress–strain curves of (A) electrospun

PVDF mats, (B) PVDF/PANI [0.1], (C) PVDF/PANI [0.3], and

(D) PVDF/PANI [0.5].

FIGURE 5 |TG curves of neat PANI, electrospun PVDF, and PVDF/PANI

mats prepared with different ANI concentrations.

Furthermore, with increasing PANI content, the bands assigned
to the PVDF groups practically disappear suggesting that PVDF
fibers were completed coated with an external PANI layer.

CONCLUSION

In this study, an electrically conductive mat based on PVDF and
PANI was successfully obtained through electrospinning tech-
nique and in situ oxidative polymerization. An efficient coating of
the PVDF mats was obtained with ANI concentration higher than
0.1 mol L−1, wherein the fibers surface was coated with a PANI
layer adhered on PVDF fibers. The electrical conductivity and the
amount of PANI on the PVDF fibers surface increased with the
increasing of monomer concentration. After 0.2 mol L−1 of ANI,
the electrical conductivity of the PVDF/PANI mats reached a con-
stant value, which was quite similar to that found for the neat

FIGURE 6 | FTIR spectra of (A) electrospun PVDF mats, (B) neat PANI,

(C) PVDF/PANI [0.1], (D) PVDF/PANI [0.3], and (E) PVDF/PANI [0.5].

PANI. After coating with PANI, the Young modulus enhanced sig-
nificantly due to the presence of adhered PANI on the PVDF fibers,
which increases the interfiber bonding. On the other hand, the
elongation at break was reduced indicating that the membranes
become more fragile probably because of the brittle nature of the
PANI component. PVDF/PANI mats display a polymorph crys-
talline structure, with absorption bands associated to the β, α,
and γ phases. PANI-coated electrospun PVDF mats developed
in this work display, within others interesting features, three-
dimensional fibers network structure, and good electrical con-
ductivity, which demonstrates the potential to use as a chemicals
sensor.

The two-step procedure described in this work, allow the devel-
opment of electrospun mats with electrical conductivity similar
to the neat ICP. This process is encouraged to be used when
higher electrical conductivity is required, since studies in the liter-
ature (Merlini et al., 2014b) have reported that electrospun mats
obtained from direct electrospinning show electrical conductivi-
ties as low as 10−15 S cm−1. Furthermore, the spinnability of the
neat insulating polymer can be carry out more easily than its
solution containing the ICP.
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