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ARTICLE INFO ABSTRACT

Keywords: In order to tailor dielectric response and electrical conductivity, novel polymer blends based on poly(vinylidene
PVDF fluoride (PVDF) and different fillers composed by poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
PEPOT:P‘?S (PEDOT:PSS), and PEDOT:PSS/ionic liquids (ILs): PEDOT:PSS/N-ethyl-N-methylpyrrolidinium bis(fluo-
g)iI::ichtl?ilcnf:sponse rosulfonyl)imide ([Compyr][FSI]) and PEDOT:PSS/N-ethyl-N-methylpyrrolidinium bis(tri-
Electrical conductivity fluoromethanesulfonyl)imide ([Compyr][TFSI]), with different PEDOT:PSS/IL contents (10, 20 and 40 wt%)
Electric modulus were prepared through solvent casting. The morphological, physical-chemical and thermal properties of the
polymer blends were evaluated, together with the influence of PEDOT:PSS/IL on the PVDF crystallization ki-
netics, dielectric and electrical conductivity.
The incorporation of PEDOT:PSS/IL in the polymer matrix lead to a decrease of the PVDF spherulites.
Furthermore, it was detected that both PEDOT:PSS and IL act as nucleation agents, promoting the homogeneous
crystallization of PVDF as well as the crystallization into its b and g polar phases. The electrical conductivity
formalism revealed significant contributions of PEDOT:PSS/IL to the electrical conductivity behavior of the
blends, being thermally activated and described by the charge transport mechanism. Further, the dc conductivity
increases due to the higher number of charge carriers of the PEDOT:PSS/IL content.
The tailorable electrical characteristics of the PVDF/PEDOT:PSS-IL blends demonstrate their potential for
applications in areas such as ionic actuators and battery devices.

1. Introduction

Smart materials are considered responsive materials and/or material
systems capable of physical-chemical variations depending on external
environmental changes such as, pH, stress, temperature, light, electric or
magnetic, among others [1,2]. As for smart material composites, they
are generally defined as a combination of materials working

synergistically, leading to creating complex interactions that result in
improved or novel functional active responses [2].

Polymer-based smart materials are attracting strong interest in
various technological areas due to their simple processing and easy
device integration, namely in sensors and actuators, among others [3].
Additionally, the inclusion of fillers as active materials such as nano-
particles, ionic liquids (ILs), proteins or carbon nanotubes, among
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others, allows the possibility of further tailoring their response, as well
as the improvement or addition of new functionalities [4].

Amongst the available smart electroactive polymers (EAPs), poly-
vinylidene fluoride (PVDF) can be easily incorporated in advanced
systems due to its chemical stability, high polarity and ionic conduc-
tivity [5]. Additionally, PVDF can be easily processed into different
shapes and forms, including films, membranes, spheres or fibers [6].
This polymer can crystalize into five different polymorphs (o, B, v,  and
¢) depending on the processing conditions, the f-phase standing out for
being the one with the most polar one and the one with the highest
piezoelectric, pyroelectric and ferroelectric response [1]. Due to these
properties, PVDF has been used in applications including sensors [7,8],
actuators [9,10], tissue engineering [7,11], microfluidic [12,13], envi-
ronmental [14,15] and energy harvesting and storage [8,16].

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:
PSS) is a conductive EAP often implemented in technological applica-
tions [17]. This polymer has been applied successfully in flexible elec-
tronics [18,19], hybrid solar cells [20-23], energy storage [24,25],
tissue engineering [26,27], bioelectronics [28,29], actuators [30],
among others [31-33], due to its high thermal stability and biocom-
patibility, adjustable conductivity and good transparency to visible light
[17].

Recently, PEDOT:PSS has been mixed with different ILs to increase
the conductivity, achieving high electronic and ionic conductivities due
to the affinity of ILs and conductive polymers [34].

With respect to the combination of PEDOT:PSS with IL, it has been
shown that IL anions support the largest amount of charge carriers
evenly distributed along the PEDOT backbone to further increase the
electrical conductivity [35]. In addition, for PEDOT:PSS solutions with
the same imidazolium based cation ([EMIM]™) but varying the anion,
the solvation of each ion in water plays a major role in the free energy of
ion binding, in which the anions are weakly stabilized by hydration,
favoring the ion exchange [36]. Further, cation/anion modification of
ILs distinctly improves the electrical conductivity of PEDOT:PSS and the
cation/anion modified ILs allow to control the crystallinity and n-=
stacking density of conjugated PEDOT chains and the growth of amor-
phous PSS domains via IL-induced phase separation between PEDOT
and PSS [37].

The combination of PVDF with PEDOT:PSS has already been
explored to some extent, mostly by using PEDOT:PSS as a conductive/
electrode layer in device fabrication, or less frequently as filler to in-
crease the PVDF polymer conductivity [31,38-42]. On the other hand,
there are no reports on PVDF blends with PEDOT:PSS, considering the
relevant role of their miscibility. However, the understanding of the
properties comprising PVDF/PEDOT:PSS blends films is still a work
under development, with only a few recent works reporting on this
system [38,42,43].

Taking the previously mentioned into consideration, this work re-
ports on the development of novel PVDF-based blends with PEDOT:PSS/
[C2mpyr][FSI]  (N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)
imide) and PEDOT:PSS/[C2mpyr] [TFSI] (N-ethyl-N-methyl-
pyrrolidinium bis(trifluoromethanesulfonyl)imide) as fillers, allowing
to tailor the electrical properties of the materials. The films were pro-
cessed by solvent casting with different IL contents up to 40 wt%. The
PVDF/PEDOT:PSS/IL blends morphology, physical-chemical, thermal
and electrical properties were studied. The electrical conductivity
spectra were evaluated through broadband dielectric spectroscopy
(BDS), as an essential issue for applications that require tailored ionic
conductivity.

2. Experimental section
2.1. Materials

Poly(vinylidene fluoride) (PVDF, Solef 6010, Mw = 300-320 kDa),
N,N-dimethylformamide (DMF, 99.5 %), PEDOT:PSS aqueous solution
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Table 1
wt ratio of each component in the blend samples.

PVDF wt. PEDOT:PSS [C2mpyr] [FSI] [C2mpyr] [TFSI]
% wt.% wt.% wt.%
PVDF 100 - - -
Blend FSI 90 7 3 -
10
Blend FSI 80 14 6 -
20
Blend FSI 60 28 12 -
40
Blend TFSI 60 28 - 12
40

(Clevios PH1000) and the ionic liquids, (N-ethyl-N-methylpyrrolidinium
bis(fluorosulfonyl)imide), = CompyrFSI, and  N-ethyl-N-methyl-
pyrrolidinium bis(trifluoromethanesulfonyl)imide), CompyrTFSI, were
purchased from Solvay, Merck, Heraeus and Iolitec, respectively.

2.2. Preparation of the PVDF blends with PEDOT:PSS and ionic liquids

PVDF blends comprising PEDOT:PSS/[Compyr][FSI] and PEDOT:
PSS/[Compyr][TFSI], the latter with electrical conductivity values of
18.13 and 22.8 S m’l, respectively, as obtained from the I-V curves,
were prepared by solvent casting. In a first step, a mixture of PEDOT and
the IL [C2mpyr][FSI] or [C2mpyr][TFSI] in a 70/30 wt ratio were dis-
solved (EtOH) with a concentration of 22.5gL'1. A second solution was
prepared with PVDF/DMF at 15/85 wt % ratio. In a second step,
different contents of the PEDOT:PSS/IL solutions (10, 20 and 40 wt%)
were dispersed on DMF. After that, the PEDOT:PSS/IL/DMF were mixed
and magnetically stirred with the PVDF/DMF solution in a variable ratio
that leads to the final weight content of PVDF in the film being 90, 80 or
60 wt%. Then, the solutions were spread onto glass substrates followed
by solvent evaporation at 210 °C (above PVDF melting temperature) in
an oven (P-Select) for 10 min [6]. The blends will be identified hence-
forth as abbreviation of anion (FSI or TFSI) and the filler content (10, 20
and 40 %). The composition of the samples is shown in Table 1. In the
series containing [C2mpyr][FSI] as IL, the relationship between PEDOT
and IL remains constant.

2.3. Characterization techniques

The microstructure of the blend samples was analyzed using a field
emission scanning electron microscope (FESEM; ZEISS Ultra-55 at 30
kV, 500 pA), following the deposition of a conductive platinum layer.

Differential Scanning Calorimetry (DSC) was performed in approxi-
mately 7.5 mg samples using a PerkinElmer DSC 8000 at a heating rate
of 20 °C/min, under a flowing nitrogen atmosphere. The analysis was
conducted between 50 °C and 200 °C.

Fourier Transform Infrared (FTIR) measurements in the attenuated
total reflection (ATR) mode were carried out using a Jasco 4100 spec-
trometer from 400 to 4000 cm ™! with a resolution of 4 cm™!. The spectra
were obtained after 64 scans. In the blends containing three phases
(a-+p+7), the relative fraction of the phases was determined using
equation (1) [44,45]:

e o0 @

Fpa=
(:%) (Ie3 + Iga)

where Ig4 and I763 represent the absorbance at 840 and 763 cm_l, and

k763 and ky3 are the absorption coefficients for the above frequencies
(6.1 x 10* and 7.7 x 10* cm? mol’l, respectively).

The p-phase (F(B)) and y-phase (F(y)) content in the samples were
calculated using the following equations [45]:
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Fig. 1. FESEM images. (a,b) PVDF, (c,d) Blend FSI20, (e,f) Blend FSI40 (g,h) Blend TFSI40. The scale bar shown in (a,c,e,g) corresponds to 40 um, while the one in (b,
d,f,h) corresponds to 4 pm. The arrows indicate circular-shaped aggregates that are associated with IL droplets secreted at the surface of the sample.
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Fig. 2. a) FESEM image of the cross-section of Blend FSI10. The inset shows a detail of the microstructure of one of the dispersed aggregates (see text). The scale bar
corresponds to 5 pm in the main picture and to 1 pm in the inset. The arrows indicate PEDOT:PSS aggregates in the interior of the sample. FESEM image of the surface

of Blend FSI10 (b) and Blend FSI40 (c). The scale bar in b) and c) represents 1 pm.

F(B)=F, AH, 100% ®)
=Fpu x| ———| %
“7\aH, + AH, ‘
AH
F(y)=Fpy x | ——L— ] x 100% 3)
AH, + AH,

where, AH//, and AH; are the absorbance differences between the peak at
1275 ecm ™! and 1260 crn’l, and the peak at 1234 cm ! and 1225 cm’l,
respectively.

The dielectric response (¢* = ¢ — i¢") was determined using an
impedance analyzer Alpha-S in the frequency range from 0.1 Hz to 1
MHz. The isothermal measurements were carried out from —120 °C to
150 °C (thermal stability: 0.5 °C) in 5 °C steps, the temperature control
being ensured with a Quatro Cryosystem from Novocontrol GmbH
where the capacitance (C = £e0A /d) and the loss factor (tan 6 = s”/ €)
were measured in order to obtain the real, €', and the imaginary, €,
components of the dielectric function, &y is the permittivity of vacuum
(8.85 x 10712 F rn_l), A is the electrode area (mz) and d is the thickness
of samples (m).

Circular gold electrodes with a diameter of 10 mm were sputtered
onto both sides of each sample using a Polaron Coater SC502.

The complex conductivity, ¢*, was calculated using equation (4):

6" =0 (w) +io (v) C)]

where ¢'(0) and ¢”’(w) are the real and imaginary components of the
conductivity, respectively. ¢’ is given by equation (5), and ¢’ is given by
equation (6):

6 (w) = gowe () 5)
6 (0) = g () (6)

where &y (8.85 x 10712 Fm™}) is the permittivity of free space and w is
the angular frequency.

The complex electric modulus M* is defined as the inverse of the
complex relative permittivity, £*():

M (w)=1/. (@) = M (@) +iM (o) @)

Therefore, the real part of the complex electric modulus is obtained
using:

_ )

and the imaginary part of the complex electric modulus is obtained
using:

MO =Syt @) ©

where €’ and €’ represent the real and imaginary components of the
dielectric function.

3. Results and discussion
3.1. Morphological analysis

The preparation of the PVDF/PEDOT:PSS/IL films by solvent-casting
results in films in which the two faces are not identical in terms of
morphology. One of the faces is formed in contact with the glass and the
other in the air, in which the spherulite structure is seen more clearly.
Fig. 1 shows that the surface becomes rougher as the amount of PEDOT:
PSS/IL in the sample increases.

The PVDF spherulites are clearly shown in all compositions, but their
size decreases with the content of PEDOT:PSS and IL, as can be seen
comparing the images in Fig. 1b with 1 d, 1f, and 1 h. It seems that there
are in the interior aggregates with angular shapes that form ridges on the
surface, but above these ridges the spherulites are visible, with the
characteristic morphology of PVDF. These results suggest that aggre-
gates of PEDOT:PSS had been separated in an initial phase of film for-
mation and then, when the PVDF crystallizes, a layer is formed covering
them. This could be due to the fact that when mixing the solutions of
PEDOT:PSS/IL in ethanol with that of PVDF in DMF, the PEDOT:PSS
precipitates forming these aggregates because its solubility in the
mixture of ethanol and DMF has decreased compared to pure ethanol.

It can be observed (Fig. 1), that the PEDOT:PSS aggregates increase
in number in the blend FSI series as the amount of PEDOT:PSS increases,
as expected, but they are also clearly larger in size in the mixture with
[C2mpyr][TFSI] than in the mixture with [C2mpyr][FSI] as evidenced
by comparing Fig. 1g and h.

The size of the spherulites shown at the surface depends essentially
on the nucleation of the crystals. After the formation of a stable crys-
talline core, the spherulite grows radially, incorporating chains of liquid
PVDF, until it meets the front of another spherulite. This means that
when few crystallization nuclei are formed, the resulting spherulites are
large, as seen in pure PVDF where they easily reach 10 pm in diameter.
On the contrary, when the nucleation is higher, the resulting spherulites
are smaller because many spherulites are growing at the same time.
Since heterogeneous nucleation (the one in which crystal nuclei form in
two dimensions on the surface of an impurity), is more likely than ho-
mogeneous nucleation (the one that forms in three dimensions within
the liquid), the results presented in Fig. 1 seem to indicate that the
PEDOT:PSS or IL aggregates are acting as agents that facilitate the PVDF
nucleation, and therefore they were formed before the PVDF
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crystallization started.

It is expected that when mixing the solutions of PEDOT:PSS in
ethanol and PVDF in DMF the separation between the two polymeric
components is not complete and some of the PEDOT:PSS remains mixed
with the PVDF in the DMF solution. This amount of PEDOT:PSS must be
segregated when the PVDF crystallises.

A hypothesis that is further confirmed by Fig. 2a) in which the in-
ternal distribution of PEDOT:PSS and IL can be observed. These fillers
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are distributed in big lumps rather than homogeneously throughout the
PVDF matrix, corresponding to the regions marked with arrows, where
homogenously distributed light-colored dots can be observed, corre-
sponding to precipitated lumps of PEDOT in which the IL is uniformly
dispersed (light-colored dots). A detail of the microstructure of these
lumps is shown in the inset of Fig. 2a.

The curious topography observed at high magnifications on the film
surface must be caused by this segregation of PEDOT:PSS migrating to
the surface. Fig. 2b shows the image of Blend FSI10 sample in a flat zone
of the surface. This topography showing small worms is also shown to a
lesser extent in blends with higher PEDOT:PSS content, Fig. 2c showing
the case of Blend FSI40.

When the surface is viewed at even higher magnifications, it can be
observed that the surface of the PVDF spherulites has a particular
structure, very different from that of pure PVDF. It is difficult to spec-
ulate on the origin of these structures in the form of small lines that
appear in the FESEM image in light color. It could be due to a change in
the structure of the PVDF lamellae due to the presence of IL, which
would cause the phase in which the PVDF crystallizes to change, or the
IL itself to be secreted during the growth of the PVDF crystals, remaining
in inter-lamella regions (Fig. 2b and c).

3.2. Thermal analysis

The DSC heating thermograms of the blends (Fig. 3) show only the
melting endotherm peak of PVDF due to the amorphous character of
pure PEDOT:PSS. The second heating scan is shown, in which PVDF
have been crystallized on cooling at 20 °C/min. There is no clear trend in
the Blend FSI series, but there are two notable facts. On the one hand, the
temperature of the PVDF melting peak does not depend on the PEDOT:
PSS content of the blend, which suggests that indeed, as suggested in the

Absorbance / a. u.

— T T T T ‘' T T T T T T T T
1140 1160 1180 1200 1220 1240 1260 1280 1300

Wavenumber / cm”

d) —FTIR
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-1
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Fig. 4. - (a) FTIR spectra of all blend samples and deconvolution for BlendFSI20 (b), Blend FSI40 (c) and BlendTFSI40 (d) samples.
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Table 2

- Percentage of the three crystalline phases of PVDF for the blend samples.
% PVDF BlendFSI10 BlendFSI20 BlendFSI40 BlendTFSI40
a-phase 34 0 0 0 0
p-phase 16 35 47 54 45
y-phase 50 65 53 46 55

Table 3

- Real component of the electrical conductivity (¢’) of neat PVDF and PVDF/
PEDOT:PSS/IL blends incorporating different IL contents.

PVDF BlendFSI10  BlendFSI20  BlendFSI40  BlendTFSI40
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morphology section, the PEDOT:PSS at least partially precipitates in the
form of aggregates when its solution in ethanol is mixed with the PVDF
solution. If it were not so, a cryoscopic decrease would have been
appreciated due to the mixing of the two polymeric components of the
blend. All the mixtures show that the melting peak is 6 °C above that of
neat PVDF. As it will be presented below, FTIR probes that PVDF crys-
tallizes in the blend in a different crystalline phase than in the pure PVDF
film what justifies the shift in the melting peak.

3.3. Polymer phase analysis

Fig. 4a shows the FTIR spectra for the different blend samples in
order to evaluate whether IL or PEDOT:PSS induce homogeneous crys-
tallization of PVDF in the electroactive phase. Although the interaction
of PVDF with the IL may be homogeneous during crystallization, the
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interaction with PEDOT:PSS would occur at the interfaces with the ag-
gregates that have been formed.

Analyzing Fig. 4a, it is observed absorption bands at 614, 763, 795,
and 975 cm ™!, which correspond to the a-phase of PVDF [45], the in-
tensity of these bands depending on the amount of PEDOT:PSS/IL. Also,
absorption bands at 840 and 1275 cm ™}, corresponding to the p-phase of
PVDF, are detected. Furthermore, the vibration peaks at 1234 and 840
cm ™}, characteristic of the y phase of PVDF can be observed. The
quantification of the three phases was calculated from equations (1)-(3)
through the deconvolution of the peaks at 1300 to 1140 cm ™! as shown
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in Fig. 4b to d. The figure shows the deconvolution for the BlendFSI20,
Blend FSI40 and BlendTFSI40 samples (the remaining samples show a
similar behavior). Table 2 shows the quantification of the three PVDF
phases for the blend samples, as the presence of the three crystalline
phases is verified in all blend samples.

The increase in p phase content with the addition of IL is due to the
electrostatic dipole-ion interactions between the PVDF polymer chains
and the IL, originated by the interaction of anions in the IL and dipoles of
the polymer chains [46].

A decrease in the y phase and an increase in the p phase content are
observed as the IL content increases in the blend samples with FSI, while
the TFSI seems to promote less crystallization in the polar § phase than
the FSI with the same content (40 %). The results indicate that the lower
content of IL in the Blend10FSI mixture is the one that most impacts
PVDF crystallization, promoting a decrease in the a phase and an in-
crease in the f§ and y phases, which could explain the differences in the
surface morphology and the thermal behaviour (DSC second scan).
Higher IL contents cause the o phase fraction to return to the values of
neat PVDF.

3.4. Conductivity formalism analysis

The real (¢') and imaginary (¢°’) parts of the electrical conductivity
for all blend samples are shown in Fig. 5 and S1 in supplementary in-
formation. Table 3 shows the real component of the electrical conduc-
tivity (c’) at 1 kHz and room temperature.

Regardless of the sample, it is observed that ¢’ and 6>’ increase with
increasing temperature and frequency. Both ¢’ and ¢’ increase as a
function of frequency due to the electrode polarization, which repre-
sents the accumulation of ionic charge carriers at the electrode-sample
interface [47].

The electrical behavior change with respect to pristine PVDF with the
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Fig. 7. - Isothermal spectra of the imaginary part of the complex modulus (M") for neat PVDF (a), and BlendFSI10 (b), BlendFSI20 (c) and BlendFSI40 (d).
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addition of only 7 % PEDOT:PSS and 3 % IL is highly noticeable, as seen
in Fig. 5a (PVDF) and S1 a-b) in supplementary information (Blend
FSI10). The combination of the conductive polymer, even in the form of
micrometric aggregates, and the IL makes the sample to present higher
conductivity in a very wide temperature range, even at very low
temperatures.

The BlendFSI20 sample (Fig. S1 c¢ and d) further extends the dc
conductivity plateau and increases the dc conductivity value by about 3
orders of magnitude (Fig. 5). Then, a further increase in PEDOT:PSS
content and the IL no longer increases the dc conductivity. The sample
with 40 wt% PEDOT:PPS + IL presents slightly lower conductivity
values (Fig. 5c¢ and d). This result suggests that with the BlendFSI20
sample, percolation of the conductive particles has been achieved.
BlendFSI40 shows a lower conductivity due to the presence of aggre-
gates, indicating that the percolation should be between 20 and 40 wt%.

The blend containing IL [C2mpyr][TFSI] (Fig. 5e and f) seems to
have a somewhat higher conductivity than that containing [C2mpyr]
[FSI] (Fig. 5¢ and d), which can be attributed to the different
morphology adopted by the PEDOT:PSS aggregates.

Fig. 6 shows the dc conductivity as a function of temperature for the
different blend samples showing a thermally activated behavior
described by the charge transport mechanism. It can be observed that dc
conductivity increases with the increase of PEDOT:PSS/IL content due to
higher number of charge carriers in the polymer matrix [48].
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3.5. Electric modulus formalism

The dielectric permittivity curves do not present relevant features
due to the superimposition of the large dc conductivity of the samples.
To analyze the electrical behavior in greater depth, the electric modulus
formalism has been used, since it transforms the conductivity-related
process into a relaxation peak and also limits the effect of the elec-
trode polarization [47,49]. Fig. 7 shows the imaginary part of the
complex modulus for all blend samples between —120 °C and 140 °C.

In neat PVDF (Fig. 7a), the isotherms of M" show two relaxation
processes. The low-temperature, very wide one, corresponds to the main
dipolar relaxation, associated with the glass transition of the amorphous
phase. It shifts towards high frequencies as the temperature increases
while it grows in intensity. In Fig. 7a, this process can be particularly
well identified in the curve corresponding to —20 °C. A somewhat nar-
rower peak can be observed at higher temperatures (from 40 °C on-
wards), which also shifts towards higher frequencies as the temperature
increases. This peak is associated with an interfacial or Maxwell-Wagner
polarization phenomenon due to the accumulation of electric charge
carriers at the interfaces between the crystals and the amorphous phase.

In this representation of M”, the drastic change in dielectric behavior
is again observed when adding a small amount of PEDOT:PSS and IL. In
the BlendFSI10 mixture, although some remains of the PVDF Maxwell-
Wagner peak are observed, an overlapping peak appears whose posi-
tion hardly depends on temperature and which can be associated with
the contribution of the dc conductivity plateau observed in Fig. 6. The
peak appears in the samples BlendFSI20 and BlendFSI40 and
BlendTFSI40 in somewhat different positions, since the dc conductivity
is different in some samples but with an analogous behavior.

In this temperature range of the M" spectra, the observed peak which
corresponds to the conductivity behavior is slightly shifted to higher
frequencies with increasing temperature. An apparent relaxation time
has been defined as the reciprocal frequency of the maximum of M’
(Tmax = 1/®max) Where the temperature dependence of the relaxation
times for all blend samples is shown in Fig. 8.

Fig. 8 shows that relaxation time decreases with increasing the
PEDOT:PSS/IL amount due to the increase of the Maxwell-Wagner effect
(clearly noticeable in neat PVDF and BlendFSI10 samples) and the dc
conductivity induced by the presence of the IL.

In order to evaluate the different electrical processes/contributions
for these blend samples, the Cole-Cole arcs for the electric modulus
formalism are shown in Fig. 9 for the temperature range between —120
and 120 °C, where the different relaxation phenomena can be more
clearly identified.

For neat PVDF, Fig. 9a shows two arcs corresponding to the
B-relaxation and Maxwell-Wagner process that depend on the temper-
ature. However, the blend sample BlendFSI40 (Fig. 9b) shows only a
single arc (the rest of the blend samples show a similar behavior), which
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Fig. 9. - Cole-Cole plots of the electric modulus for neat PVDF (a) and BlendFSI40 (b).
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indicate that the conductivity is the main dominant process, overlapping
the p-relaxation of PVDF and interfacial polarization.

4. Conclusions

The morphological, thermal, polymer phase and electrical properties
of PVDF/PEDOT:PSS/IL blends with different PEDOT:PSS/IL contents
(10 wt%< PEDOT:PSS/IL < 40 wt%) were obtained and analyzed to
determine the influence of PEDOT:PSS/IL on the crystallization kinetics
of the polymer matrix and on the ionic conductivity and electrical
modulus formalisms. The morphology of PVDF is affected by the in-
clusion of PEDOT:PSS/IL, leading to a decrease in the spherulite
microstructure. It is observed that PEDOT:PSS acts as a nucleation agent
for polymer crystallization. The interaction of PEDOT:PSS and PVDF
occurs at the interfaces, leading to the homogeneous crystallization of
PVDF. Furthermore, p-phase and y-phase PVDF content increases with
increasing PEDOT:PSS/IL within the blends, demonstrating its interac-
tion and compatibility with the PVDF polymer matrix. The inclusion of
PEDOT:PSS/IL leads to an increase in the ionic conductivity value of the
blend. The electrical conductivity corresponds to a thermally activated
process described by the charge transport mechanism in which PEDOT:
PSS/IL content increases the charge carriers number. The percolation
threshold for electrical conduction is found between 20 wt% and 40 wt%
filler content. This new blend based on PVDF and PEDOT:PSS-IL allows
to tailor PVDF polymer phase and electrical conductivity characteristics,
being suitable for applications based on the ionic conductivity of the
materials, such as sensors, soft bending actuators and energy storage
devices.

The development of functional blend materials with tailored elec-
trical conductivity based on conductive polymers and ionic liquids and
the understanding of their physical-chemical properties is essential for
the application of these materials in the aforementioned areas.
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