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Abstract. Conductive polymers are promising for application in the medical and sport sectors, e.g.
for thin wearable health monitoring systems. While many today’s electrodes contain either carbon or
metals as electrically conductive filler materials, product design manufacturing has an increasing
interest in the development of metal free and carbon free, purely polymer based electrode materials.
While conducting polymers have generally rather low electrical conductivities compared to metals or
carbon, they offer broad options for industrial processing, as well as for dedicated adjustments of
final product properties and design aspect, such as colour, water repellence, or mechanical flexibility
in addition to their electrical properties. The development of electrically conducting polymer blends,
based on conductive polymers is thus timely and of high importance for the design of new attractive
flexible electrodes.

We have developed material formulation and processing techniques for the fabrication of self-
supporting thin film electrodes based on polyaniline (PANI) and polyvinylidene fluoride (PVDF)
blends. Electrical four-point probing was used to evaluate the electrode conductivity for different
processing and fabrication techniques. Optical microscopy and atomic force microscopy
measurements corroborate the observed electrical conductivity obtained even at low PANI
concentrations revealing the nanoscale material distribution within the blends. Our self-supporting
thin film electrodes are flexible, smooth, and water repellent and were furthermore successfully tested
under bending and upon storage over a period of several months. This opens new perspectives for the
design of metal free and carbon free flexible electrodes for medical, health, and sports applications.

Introduction

Conductive polymers are of interest for flexible and stretchable electrodes for application in the
medical and sport sectors, e.g. for thin wearable health and bio-potential monitoring systems [1], as
well as for printed electronics and flexible robotics [2]. The demand and potential of conductive
polymers is broad for biomedical applications [3], as well as for smart textile applications [4].

While significant progress has been made in the design of conductive polymer nanocomposite
electrodes for electrode applications, many today’s electrodes used in the medical and sports sector
contain either carbon or metals as electrically conductive filler materials [5-9].

Most of these metal-polymer and carbon-polymer composite materials do not exploit the conductivity
of intrinsically conducting polymers (ICPs), such as polyaniline (PANI). Product design and
manufacturing have an increasing interest in the development of metal free and carbon free, purely
polymer based electrode materials. Although conducting polymers have generally rather low
electrical conductivities compared to metals or carbon, they offer broad options for industrial
processing, as well as for dedicated adjustments of final product properties including design aspect,
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such as colour, water repellence, and mechanical flexibility in addition to their electrical properties.
The development of flexible electrically conducting polymer blends, based on conductive polymers
is thus timely and of high importance for the design of new attractive flexible electrodes.

PANI shows electrical conductivity in particular in its form as emeraldine salt (PANI-ES) [10].
The material itself is brittle and has poor mechanical properties with respect to stretching or flexibility
[11]. In order to use PANI for flexible films and membranes, blending with another polymer is needed
Polyvinylidene fluoride (PVDF) is a promising candidate for producing conductive flexible PANI-
PVDF blends due the mechanical flexibility of PVDF combined with a large variety of possible
processing methods [12]. Several techniques have recently been investigated to obtain PANI/PVDF
blends, using e.g. solvent mixtures or in situ oxidative polymerization of aniline [12-14].

PANI-PVDF blends are however difficult to obtain, due to poor solubility of PANI in most organic
solvents which are compatible with PVDF which in turn is known as an inherent hydrophobic material
[15]. Furthermore, the electrical conductivity of PANI strongly depends on morphology, crystallinity,
oxidation state and dopants, as well as interchain reactions [16].

In this paper, we demonstrate the successful fabrication of PANI-PVDF blends by electrospinning
and by solvent casting using emeraldine PANI with PVDF. The presented processing protocols
include as strategies heating to facilitate PANI recrystallization and the use of PEG to favour a
homogeneous distribution of PANI in the PVDF matrix. A processing protocol for electrospinning is
presented, as well as a processing protocol for the manufacturing of self-supporting conductive
flexible PANI-PVDF films by solvent-casting. We present AFM data, which in phase contrast show
percolation network formation for the conducting thin films.

Experimental

Blend Formulation for Thin Film Preparation by solvent casting. Blends of polyaniline
emeraldine salt (PANI-ES) powder (Sigma Aldrich) and polyvinylidene (PVDF) pellets (Sigma
Aldrich) were prepared.

The protocol for solvent casting is the following: 1) the PANI-ES is dissolved in
dimethylformamide (DMF) by ultrasonication during 15 min at 25°C; 2) the solution is filtered
through a membrane (5 pm pores); 3) polyethylene glycol 400g/mol (PEG-400, Sigma Aldrich) is
added to the solution in order to favour homogeneous dispersion of PANI-ES particles that might
crystallize from the solution; 4) PVDF pellets are then added to the PANI-PEG solution followed by
magnetically stirring for 1h at 130°C; 5) The solution is then directly employed at 130°C for
deposition by solvent casting, using 1 ml of solution per sample.

The employed mass percentages are: PANI 1.0 wt%, PEG 0.9 wt%, PVDF 7.8 wt%, DMF 90.3
wt%. Glass micro slides (75 mm x 25 mm, thickness (1.00+0.04) mm, Sigma Aldrich (Corning)) are
used as substrates and were pre-heated and kept on a hot plate at 130°C during 5-10 minutes for
drying in ambient air. Deposition without heating and annealing leads to brittle films. Films without
PEG and without heating, were prepared for comparison by dissolving PANI-ES in a solvent mixture
of DMF/acetone (85:15, v/v).

Taking into account that the solvent evaporates, the mass percentages of the resulting polymer
films presented here are: 10.3 wt% PANI + 9.3 wt% PEG + 80.4 wt% PVDF for PANI-PEG-PVDF
films and 9.5% PANI + 90.5% PVDF for PANI-PVDF films without PEG, i.e. the PANI amount is
approximately 10% in either case.

Blend Formulation for PVDF/PANI membranes by electrospinning. PVDF nanofiber membranes
were fabricated by electrospinning. This process was conducted at ambient conditions (25°C +4°C).
A flat ended needle (inner needle diameter of 0.4 mm) was used, with a needle-collector distance of
6 cm. Rotating brass discs (diameter 2.5 cm) were used as collector electrode with the rotation axis
adjusted parallel and slightly off-axis with respect to the needle axes.

The protocol for membranes formulation is the following: 1) PVDF solutions (40.3 wt%) are
prepared dissolving 2g PVDF in DMAc/Ac 1:1 v/v and stirred during 30 min at 130°C on a hot plate;
2) Per membrane, 50 pl of PVDF solution were deposited with an electrospinning using a flux of 10
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ul/min. The needle-collector voltage was set to 16 kV; 3) the homogeneous PVDF membranes were
immerged for 24h in an acid solution of PANI and then rinsed with distilled water in order to remove
excess PANI from the surface.

Two formulation routes were compared, one using PANI- ES and one using PANI-EB (polyaniline
emeraldine base). Acid solutions of PANI-EB (Sigma Aldrich, powder) were obtained by adding a
few droplets of 0.1M HCl aqueous solution into a PANI-EB/DMAc solution (1.5g PANI-EB + 30 ml
DMACc) until a pH value below 2 was reached. Doping of PANI-EB with HCI was inspired by [13]
and adapted for the here developed formulation protocol. PANI dissolves well in acids, contrary to
PVDF which dissolves in organic solvents such as DMAc and DMF when stirred at elevated
temperature. The use of an acid PANI-EB/DMACc solution is here twofold: the HCI provides the
needed ions for protonation (doping) of PANI-EB in order to make it conductive and the DMAc
contributes to wetting of the hydrophobic PVDF membranes when they are immerged into the acid
solution. The acid DMAc solution does not dissolve PVDF at ambient temperature, as verified by
immersion of PVDF membranes for 24h.

For comparison, also the use of acid solutions of PANI-ES was tested, e.g. 0.1g PANI-ES + 1 ml
DMF + 10 ml HC1 0.1 M, ultrasound 15 min, nanofiber membrane immersion during 24h, followed
by membrane drying in air.

Electrical Characterizations, Optical and Atomic Force Microscopy Analysis. The free standing
electrode films and membranes were analysed by optical microscopy, AFM and electrical four-point
probing.

For analysis of the homogeneity of samples, visual inspection and optical microscopy (LEICA
Leica DMILM) were used. Nano- and microstructures of the films and membranes were investigated
by Atomic Force Microscopy (AFM Park XE7), recording data at the top side of the films prior to
peel-off (topography, amplitude signal and phase contrast) in soft tapping mode.

Electrical characterizations of the electrodes were made by 4-point probing for the measurement
of the sheet resistance. A four-point probe sensor with osmium alloy tips and a Keithley 2400 Source
meter were used. Current-voltage sweeps were typically acquired in the range of -0.4V to 0.4V for
which a linear behaviour of the current-voltage characteristics is observed. The sheet resistance of the
electrodes was deduced by linear regression of the measured current-voltage characteristics, and by
applying the correction factor (n/In2) for collinear probes [17, 18].

Results and Discussion

Free-standing PANI-PEG-PVDF thin films. Figure 1 shows a typical flexible conducting film of
PANI-PEG-PVDF blend upon peel-off from the front (top) and from the back side; the latter was in
contact with the glass substrate used for solvent casting.
b)

Back side

a)
Front side

Fig. 1 Photographs and microscopy images of a PANI-PEG-PVDF film (10.3 wt% PANT/ 9.3 t% PE—400,
PVDF 80.4%) upon peel-off, top(front)-side and bottom(back)-side are shown. The bottom side was in contact
with the glass substrate during solvent casting.

The PANI-PEG-PVFD films are electrically conducting. Obtained average sheet resistance values
range between 1.8210° Q/sq and 5.310° Q/sq. The sample thickness was measured in side view by
positioning the sample with the glass substrate in vertical position on the optical microscope. The
thickest sample was 84.3 um. Taking this value for a conservative estimate when calculating the
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electrical conductivity o, we obtain for our PANI-PEG-PVDF films conductivity values between
2.3¢10* Scm™ and 6.4+10"* Scm!. Our best sample showed a conductivity of 1.44+107 Scm™ (based
on an average sheet resistance value from four different zones and calculated with the measured layer
thickness of 37.6 um).

For comparison, solvent casting of PANI-PVDF blends with 10 wt% and 15 wt% PANI load with
respect to the PVDF matrix (i.e. 9.1 wt% and 13 wt%, respectively, with respect to the total polymer)
were reported with electrical conductivities of 4.6¢10* Scm™ and 1.9¢10* Scm’!, respectively [19
supporting material]; the authors used heating to 50°C during 6h and a hydraulic press in order to
obtain PANI-PVDF wafers for electrical measurements; they furthermore report that the conductivity
of the PANI-PVDF blends increases with increasing PANI load up to a load of 17.5% (i.e.14.9 wt%
with respect to the total polymer weight) for which they report 3.1+10 Scm™'.

For our films, we did not use any press, but we observe that sheet resistance values measured at
the front (top) side are about one order of magnitude higher than at the back side. In fact, the back
side was in direct contact with the heated glass substrate during deposition and drying and shows a
smoother surface with larger grains. Consistently, it shows a lower sheet resistance than the top
surface. Further investigation is needed, to conclude to which extend PEG and the different heating
process lead to the observed enhancement of the conductivity for our PANI-PEG-PVDF compared to
pressed PANI-PVDF wafers.

In order to elucidate the nano- and microstructure of the conducting material, we have investigated
the polymer blend surface by AFM, and in particular by phase contrast imaging. Fig. 2a shows AFM
data of the conducting PANI-PEG-PVDF film (topography, amplitude and phase signals) measured
on the top side of the sample shown in Fig. 1. Fig 2b shows for comparison AFM data of a non-
conducting PANI-PVDF film. Taking into account that solvent evaporates, the mass percentages of
the resulting polymer films are: 10.3 wt% PANI + 9.3 wt% PEG + 80.4 wt% PVDF (Fig. 2a) and
9.5% PANI + 90.5% PVDF (Fig. 2b), i.e. the PANI amount is approximately 10% in both cases.
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Fig. 2 AFM data (topography, amplitude and phase signals, scan size 10 um x 10 um) of PANI-PVDF solvent
casted films. a) PANI-PEG-PVDF conducting film (blending ratios 10.3 wt% PANI, 9.3 wt% PEG, 80.4 wt%
PVDF, substrate heated to 130 °C for deposition, kept at 130°C for about 5 min for drying), b) PANI-PVDF
non conducting film (blending ratios 9.5 wt% PANI, 90.5% PVDF, substrate not heated for deposition).

Figure 3 shows AFM zoom images as acquired from a solvent casted sample of the conductive
PANI-PEG-PVDF blend. A subgranular structure can be identified at smaller scale (Fig. 3¢,d). The
needle network structure (bright zones) as well as the dark zones show similar granularity in phase
contrast images (Fig. 3d).
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images: b) phase contrast of a), ¢) zoom 2.5 pm x 2.5 um, d) zoom 500 nm x 500 nm, ) PANI-PVDF (without
PEG and without heating) 500 nm x 500 nm (phase contrast).

Comparison with the PANI-PVDF blend (Fig. 3e) shows a similar granular structure, without
needle like structures. We attribute the bright needle structures to conducting zones of PANI-PEG-
PVDF blends at the surface and between grains. The formation of the needle like network is favoured
by PEG, and by heating of the substrate during deposition and drying. The difference in phase contrast
indicates a difference in the stiffness at the surface in these zones, which could be explained by
possible incorporation of PEG in the needle area, as well as by a change in the crystallinity which
may be at the origin of the conductivity of the PANI-PEG-PVDF blend.

In comparison, we found that PANI-PVDF films without PEG, when prepared by solvent casting
on heated glass substrates, led a to less homogeneous distribution of PANI. The granular structure
observed for PANI-PVDF films is also in optical microscopy very similar to the one of PANI-PEG-
PVDF films. However, large crystalline PANI particles (sizes between 10 pm and 20 pm), partially
embedded in PVDF are found on the PANI-PVDF samples (not shown here), contrary to the PANI-
PEG-PVDF samples where PANI is homogeneously distributed. Complementary investigations are
needed to fully understand the local chemical composition and crystallinity of the needle structure.

PANI coated electrospun PVDF membranes. Fig. 4 shows examples of PANI-PVDF nanofiber
membranes and representative microscopy images of their surface for coatings performed in acid
PANI-ES and PANI-EB solutions. While we observe in case of PANI-ES, the formation of detaching
powder agglomerates at the surface of the PVDF membranes upon immersion (Fig. 4a), the use of
the acid PANI-EB DMACc solution (prepared as described in the experimental section), leads to a
rather homogeneous distribution of PANI on the membrane surface as can be appreciated by the
greenish colour of the nanofiber membrane (Fig. 4b). Some zones appear dark green; some zones are
light greenish. Furthermore, the PANI stays attached to the membrane also when scratching or
weeping over the membrane surface.

a)

’ 40pum ' f
Fig. 4. Electrospun PVDF membranes (diameter 25 mm) upon immersion in aci
from a) PANI-ES, b) PANI-EB.

e

d PANI solutions pr

Electrical four-point measurements on PANI-PVDF membranes produced from the PANI-EB acid
solution show an average sheet resistance of 3.3¢10° Q/sq, (values range from 1.2 *10° Q/sq to
6.6°10° Q/sq depending on probing positions). To the contrary, PANI-PVDF membranes produced
from the PANI-ES solution do not show any sufficient conductivity for measurements by four-point
probing, indeed, two-point probing with a multimeter shows infinite resistance.
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As PANI stays mechanically attached to PVDF (Fig. 4b) for electrode fabrication from the acid
PANI-EB solution, we further investigate the PANI incorporation at the membrane surface by
analysing the phase contrast images acquired by AFM. Figure 5 shows AFM data of a PANI-PVDF
membrane as produced by immersion in the acid PANI-EB solution. The nanofiber network at the
membrane surface is clearly observed at a scan size 30 pum x 30 pum (Fig. 5a). The phase contrast
images show material incorporation in the membrane. At smaller scan size ((Fig. 5b), 2.5 um x
2.5 um) merged submicrometric grains are observed.

=

Fig. 5. AFM data (topography, amplitude and phase signals) of a PANI-PVDF membrane as produced from
immersion of an electrospun PVDF membrane into the acid PANI-EB solution. The nanofiber network at the
membrane surface is clearly observed at a scan size 30 um x 30 um (a). The phase contrast image shows
material incorporation in the membrane. At smaller scan size ((b), 2.5 um x 2.5 um) merged submicrometric
grains are observed, which can be attributed to PANI incorporated into the membrane at the surface of the
fibers.

We attributed the observed merged granular structure to PANI. The grains are found dense and
partially merged forming connected area between the fibres of the network (Fig. 4a). Although DMAc
is also a solvent for PVDF, the PVDF nanofibers with smooth surface are still clearly recognized in
the AFM data (Fig. 5), thus the PVDF nanofiber surface is not dissolved or attacked during immersion
in the acid PANI-EB solution at ambient temperature. PANI-PVDF blending, if any, takes thus place
only at the surface of the nanofibers were PANI attaches.

Most PANI grain structures are found merged, forming dense zones that are trapped in between
the PVDF nanofiber network at the surface of the PVDF membrane. The appearance of the granular
structure is consistent with the one of synthesised PANI nanoparticles observed in scanning electron
microscopy [20] and also compares with observations of PVDF nanofiber coating by in situ oxidative
polymerization reactions of aniline [14] Therefore, we conclude that the observed granular structure
in between the nanofiber network (Fig. 5), provides the pathways for electrical conductivity. The
obtained PANI-PVDF membranes are flexible and foldable.
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For individual PANI grains attached to the polymer nanofiber surface, as observed in Fig. 5b, the
appearance in AFM phase contrast compares well to SEM observation of Khalifa et al. [19] who have
studied electrospun blend composites based on PANI and halloysite nanotubes in a PVDF matrix.

The results show that our direct coating of PVDF nanofiber membranes with PANI using PANI-
EB in acid solution provides a highly promising route for the manufacturing of flexible conductive
electrodes. Further studies using higher PANI concentration and optimising temperature, as well as
possible sonication during immersion are expected to further decrease the sheet resistance of the
electrodes and to allow for reduced immersion duration.

Summary

In summary, we have successfully developed two material formulation and fabrication routes for
metal-free and carbon-free flexible electrodes based on PANI-PVDF blends.

First, our developed blend formulation based on PANI-ES and PEG as additives in PVDF for
solvent casting on a heated glass substrate, allows for the production of conducting free-standing
flexible thin films. Without any mechanical pressing, our films exhibit electrical conductivities that
compare well with values reported for pressed PANI-PVDF wafers of similar PANI load. A
percolation network structure, attributed to PANI is revealed in atomic force microscopy phase
contrast images. Further investigation is needed, to elucidate how PEG and the heating process lead
to the observed conductivity enhancement.

Second, we developed a processing protocol for successful coating of PVDF nanofiber membranes
using an acid PANI-EB solution.

Our novel metal-free and carbon-free flexible electrode materials are highly promising for further
optimization of the PANI load and processing parameters in view of upscaling and tailored
manufacturing for applications as flexible electrodes in biomedicine, sports, flexible robotics, and
bio-signal monitoring.

Acknowledgements

This work has been financially supported by the HES-SO projects PRONANO (grant number
81265/IA-EXT17-57) and PROINDAYV (900668/UA-EXT18-23). We kindly acknowledge financial
support for C. Benbalit by the Swiss European Mobility Program (SEMP) and the Communauté du
Savoir / INTERREG (FR-CH) having granted 6 months’ student mobility fellowships, the Doctoral
School of the Universit¢ de Bourgogne (UFR) for a conference grant, as well as the THERMEC
conference organization for a complementary student grant.

References

[1] G. Acar, O. Ozturk, A.J. Golparvar, T.A. Elboshra, K. Béhringer, and M.K. Yapici, Wearable and
Flexible Textile Electrodes for Biopotential Signal Monitoring: A review, Electronics 8 (2019) 479.

[2] N. Yogeswaran, W. Dang, W.T. Navaraj, D. Shakthivel, S. Khan, E.O. Polat, S. Gupta, H. Heidari,
M. Kaboli, L. Lorenzelli, G. Cheng and R. Dahiya, New materials and advances in making electronic
skin for interactive robots, Advanced Robotics, 29 (2015) 1359-1373.

[3] T. Nezakati, A. Seifalian, A. Tan, A. M. Seifalian, Conductive Polymers: Opportunities and
Challenges in Biomedical Applications, Chem. Rev. 118 (2018) 6766-6843.

[4] A. M Grancarié, 1. Jerkovi¢, V. Koncar, C. Cochrane, F. M Kelly, D. Soulat, X. Legrand,
Conductive polymers for smart textile applications, Journal of Industrial Textiles 48 (2018) 612-642.

[5] B. Liu, H. Tang, Z. Luo, W. Zhang, Q. Tu, and X. Jin, Wearable carbon nanotubes-based polymer
electrodes for ambulatory electrocardiographic measurements, Sensors and Actuators A 265 (2017)
79-85.



Materials Science Forum Vol. 1016 1271

[6] M. Chi, J. Zhao, Y. Dong, and X. Wang, Flexible Carbon Nanotube-Based Polymer Electrode for
Long-Term Electrocardiographic Recording, Materials 12 (2019) 971.

[7] C. Tematio, M. Bassas-Galia, N. Fosso, V. Gaillard, M. Mathieu, M. Zinn, E. Staderini, and S.
Schintke, Design and characterization of conductive biopolymer nanocomposite electrodes for
medical applications, Materials Science Forum 879 (2017) 1921-1926.

[8] E. Lee, I. Kim, H. Liu, and G. Cho, Exploration of AgNW/PU Nanoweb as ECG Textile
Electrodes and Comparison with Ag/AgCl Electrodes, Fibers and Polymers 18 (2017) 1749-1753.

[9] P. F. Shahandashti, H. Pourkheyrollah, A. Jahanshahi, and H. Ghafoorifard, Highly conformable
stretchable dry electrodes based on inexpensive flex substrate for long-term biopotential (EMG/ECG)
monitoring, Sensors and Actuators A 295 (2019) 678-686.

[10]J. Huang, S. Virji, B.H. Weiller, and R. B. Kaner, Nanostructured polyaniline sensors, Chemistry
10 (2004) 1314-1319.

[11] J. Bhadra, A. Alkareem, and N. Al-Thani, A review of advances in the preparation and
application of polyaniline based thermoset blends and composites, Journal of Polymer Research 27
(2020) 122.

[12] W. Huang, K. Edenzon, L. Fernandez, S. Razmpour, J. Woodburn and P. Cebe, J. Appl. Polym.
Sci. 115 (2010) 3238-3248.

[13] Luiz Francisco Malmonge, Simone do Carmo Langiano, Jodo Manoel Marques Cordeiro, Luiz
Henrique Capparelli Mattoso, José Antonio Malmonge, Thermal and Mechanical Properties of
PVDEF/PANI Blends, Materials Research. 13 (2010) 465-470.

[14] Claudia Merlini, Guilherme Mariz de Oliveira Barra, Silvia Daniela Aratijo da Silva Ramoda,
Giseli Contri, Rosemeire dos Santos Almeida, Marcos Akira d’Avila, and Bluma G. Soares,
Electrically conductive polyaniline-coated electrospun poly(vinylidene fluoride) mats, Front. Mater.,
2 (2015) 14.

[15] L. Shen, S. Feng, J. Li, J. Chen, F. Li, H. Lin, and G. Yu, Surface modification of polyvinylidene
fluoride (PVDF) membrane via radiation grafting: novel mechanisms underlying the interesting
enhanced membrane performance, Scientific Reports 7 (2017) 2721.

[16] E. J. Jelmy, S. Ramakrishnan, S. Devanathan, M. Rangarajan, and N. K. Kothurkar, Optimization
of the conductivity and yield of chemically synthesized polyaniline using a design of experiments, J.
Appl. Polym. Sci.130 (2013) 1047-1057.

[17]A. Uhlir Jr., The Potentials of Infinite Systems of Sources and Numerical Solutions of Problems
in Semiconductor Engineering, The Bell System Technical Journal 34 (1955) 105-128.

[18]F. M. Smith, Measurement the of Sheet Resistivities with the Four-Point Probe, The Bell System
Technical Journal, 37 (1958), 711-718.

[19] M. Khalifa, A. Mahendran, S. Anandhan, Durable, Efficient, and Flexible Piezoelectric
Nanogenerator from Electrospun PANI/HNT/PVDF Blend Nanocomposite, Polymer Composites 40
(2019) 1663-1675.

[20] M. Ayad, G. El-Hefnaw, S. Zaghlol, Facile synthesis of polyaniline nanoparticles; its adsorption
behavior, Chemical Engineering Journal 217 (2013) 460-465.

The publication of this article was funded by the University of Applied Sciences and Arts Western Switzerland 10.13039/501100010743



