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Abstract

Novel flexible PEDOT:PSS/PANI bilayered thin-films electrodes were successfully prepared by
ink-jet printing of PEDOT:PSS on PEN substrate and subsequent electrochemical polymerisation of
PANI. Scanning electron microscopy (SEM), cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were used to systematically investigate structure, morphology and
electrochemical behaviour of the electrodes. The PEDOT:PSS/PANI bilayer nanofilms have been
tested as pH sensors. As a comparison, either PEDOT:PSS or PANI electrodes have been tested for
pH measurements. The results show that the sensitivity of PEDOT:PSS/PANI bilayer film is higher
than that of PEDOT:PSS and PANI electrodes, indicating a synergistic effect of the two polymers.
A reversible near-Nerstian behaviour of the open circuit voltage with pH was found, with a slope of

58.9 mV/pH unit in a wide range of pH from 2 to 14.

Introduction

Conducting polymers have attracted much attention since their discovery in the late 1970’s. Thanks

to their outstanding characteristics such as light-weight and high flexibility, the use of polymer as
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active materials in electronic devices may allow replacing the traditional metal-based devices and
obtain fully-plastic electronic devices.' One of the technical challenges is due to very low
conductivity of some solution-processible organic compounds, which can lower the device

performance.

Among the others, poly(3,4-ethylenedioxythiophene) (PEDOT) presents very interesting properties
including high electrical conductivity, environmental stability, and high transparency' 2, so that it
has been proposed for different electronics applications, such as organic photovoltaic devices
(OPVs)® and organic light emitting diodes (OLEDs).* Moreover, PEDOT could be patterned by ink-
jet printing technique, which is a low-cost, simple, easy method to fabricate flexible devices.’
However, PEDOT is not soluble in water, so that aqueous inks are usually prepared using
poly(styrenesulfonic acid) (PSS): the formation of the polyelectrolyte complex of PEDOT:PSS
enhances the dispersibility of particles in water.® The conductivity of the film depends on the ratio
of PEDOT to PSS as well as on the size of the PEDOT:PSS particles dispersed in water; however,
the pristine films present a very low conductivity (<1 S cm™) to be used as electrode material.’
Several authors attribute the low conductivity of the PEDOT:PSS films to the formation of coil
structures, in which PEDOT is surrounded by PSS, in a discontinuous granular system with low
interconnections between the particles.l’ 6-89T¢ overcome this drawback, different compounds have
been added during the preparation: noticeable increasing in conductivity (up to 2 or 3 orders of
magnitude) has been obtained by using surfactants'®, graphene oxide®!" or polar solvents'? which
can change the pristine structure. For example, by using ethylene glycol (EG) the de-doping process
can partially remove the amorphous and insulating PSS phase improving the conductivity up to 467

113
Scm .

Another strategy is the combination of PEDOT:PSS with other conducting polymers, which can
allow obtaining hybrid organic systems with tuneable properties: in particular polyaniline (PANI)
presents very attractive characteristics including high conductivity and high active surface due to its
porous structure. PANI is generally synthesized by chemical or electrochemical oxidative
polymerisation of the monomer in acidic aqueous medium: however, the electrochemical
polymerisation allows to a better control of the synthesis parameters. Many characteristics of the
PANI depend on the redox equilibria of various reduced and oxidized forms, which take place in
accordance with redox potential and pH of the media.'* '° In particular, the half-oxidized form of
PANI originates the deprotonated emeraldine base and the protonated emeraldine salt which is the
most electrically conductive form. PANI is then usually active at acidic pH while its activity
decreases at neutral and alkaline pH. PANI can be easily combined with anionic polymers and

polyelectrolytes to form layer-by-layer constructions: the formation of multi-layered complexes of
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PANI with negatively charged components can enhance the redox activity of the polymer at higher

pH 16

Combinations of different conducting polymers can allow obtaining composites which present
novel proprieties and unique structures.'” Composites based on PEDOT:PSS and PANI have been
prepared following different strategies allowing to obtain powders or multilayer composites. Zhang
and coworkers prepared PEDOT/PANI bilayer nanofibers by subsequent oxidative polymerization
of the parent monomers in bulk solution: the obtained nanofibers were used as electrode after a
drop-cast onto a glassy carbon.'® Bilayered nanofilms of PEDOT/PANI have been synthetized by
Shi and coworkers by electrochemical polymerization of PANI in a mixed alcohol solution on
PEDOT:PSS nanofilm electrode prepared by spin coating of PEDOT:PSS/5% DMSO on glass."
Similarly, the same group prepared bylayered PEDOT/PANI electrodes starting form electrodes

based on single-walled carbon nanotubes and PEDOT:PSS spin coated on glass.*

In this work, flexible and transparent fully organic hybrid electrodes have been prepared by ink-jet
printing of PEDOT:PSS on Polyethylene Naphtalate (PEN) substrates followed by electrochemical
polymerisation of PANI. This approach conjugates the ink-jet printing technique, which is a low-

cost and easily scalable method to obtain flexible devices with the electrochemical polymerization

which allows a good control and adhesion of the PANI layer on PEDOT:PSS.
Experimental section

The PEDOT:PSS electrodes are fabricated on a Poly(ethylene 2,6-naphthalate (PEN) substrate, 125
um thick. Substrates are cleaned by subsequent 10 min of ultrasonic bath in water and in acetone;
they are washed in deionized water, dried under nitrogen flow and then activated by means of a
plasma treatment (10 sec at 100 W). The PEDOT:PSS layer is realized by ink-jet printing using the
Fujifilm Dimatix Material Printer (DMP) 2800. The ink is prepared by sonicating for 20 minute a
solution made of PEDOT:PSS (pH 500 provided from H. C. Starck). Three layers are printed by
using three nozzles of a DMC-11601 cartridge (each nozzle generates 1 pL drop of ink) with a drop
spacing of 15 um. During printing, substrates are kept at 45°C to facilitate the solvent evaporation.
After printing, samples are annealed in an oven at 130°C for 15 min. After annealing, ethylene
glycol is deposited by spin coating and dried in an oven at 130°C for 15 min. These electrodes are

denoted as PEDOT:PSS (see figure 1).

The electrochemical experiments were performed at room temperature using an AUTOLAB
PGSTAT302N (Metrohm, Switzerland) potentiostat/galvanostat equipped with a frequency
response analyser controlled with the NOVA software. A conventional three-electrode cell (V=10

ml) was used in which Saturated Calomel Electrode (SCE) was the reference and Pt wire was used



RSC Advances

as counter electrode. Polyaniline was electropolymerized on PEDOT:PSS electrodes from aqueous
solutions of aniline (0.1 M) and HNO; (1 M). Electropolymerisation was performed by cyclic
voltammetries from 0 to 0.95 V with a scan rate of 100 mV/s. Ten cycles were applied to obtain
PANI films. The electrodes obtained by electropolymerisation on PEDOT:PSS are denoted as
PEDOT:PSS/PANI (see figure 1).

FIGURE 1

The electrodes were characterized by cyclic voltammetries (CVs), electrochemical impedance
spectroscopies (EIS) and open circuit potential (OCP) measurements in solution with different pH.
EIS were performed in solution with different pH by varying the frequency from 30 kHz down to
0.1 Hz at open circuit potential with an excitation amplitude of 10 mV. The impedance spectra were
then fitted to an equivalent electrical circuit by using the software ZSimpWin 2.0 (EChem
software). Scanning electron microscopy (NOVA 600, Nanolab dual beam) was used to
characterize the structures of PEDOT:PSS and PEDOT:PSS/PANI electrodes. Focused ion beam

(FIB) was also used to very precise cross sections of samples for subsequent imaging via SEM.

Raman measurements were performed in air at room temperature with a compact spectrometer
BWTEK i-Raman Ex integrated system, excitation wavelength at 1064 nm (provided by a Nd:YAG
laser), in back scattering geometry. The spectra were collected with very low power beam (< 5
mW) focalized in 1 mm? through a microscope objective Olympus x20 to avoid any heating or
photodegradation effect. The threshold to observe the photodegradation of the sample (pure

polyaniline) was observed for beam power higher than 15 mW.

Results and Discussion

Figure 2 shows the cyclic voltammogram of aniline swept at 100 mV s during 10 scans in aqueous
solution containing 0.1 M aniline and 1.0 M HNO; at PEDOT:PSS working electrode. The
electropolymerisation process of PANI on conducting electrodes (i.e. gold, platinum) usually
exhibits well-defined redox peaks corresponding to a series of redox transitions, which are related
to the polymerisation processes.”' In the present case, two oxidation waves and one reduction wave
can be identified (see inset of figure 1), although with difficult due to the low conductivity of the
PEDOT electrode. Anyway, both oxidation and reduction currents progressively increase with the
scans, thus evidencing the growing of a conductive film on the electrode surface. The thickness of
the deposited layer of PANI can be estimated from the voltammetric charge associated to the

oxidation of the monomer (Q,) by assuming a current yield of 1, as follows:*
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ZFdA

Where M, is the molecular weight of aniline, z = 0.5 (number of electrons/aniline), A is the area of
the electrode, d is the specific density of aniline, and F is Faraday’s constant. After ten cycles, the
estimated thickness of the PANI coating is about 305 nm and a green layer is visible on the grey

surface of PEDOT:PSS.
FIGURE 2

The surface morphology of the electrodes has been observed by SEM: Figure 3 shows the
micrographs of ink-jet PEDOT:PSS and PEDOT:PSS/PANI films. As it can be seen, the
PEDOT:PSS layer is uniform and relatively smooth; after the electropolymerisation of PANI a
porous layer with a fibrous nanometric structure is visible, which covers the under-layer of
PEDOT:PSS. The FIB cross section shows that the PEDOT:PSS layer is about 930 nm, while after
the PANI electropolymerisation the overall thickness of the layer is 1300 nm with non-uniform

profile.
FIGURE 3

Figure 4 reports the Raman spectra collected on PEDOT:PSS/PANI sample, and, for comparison,
the spectrum of pure polyaniline and from PEDOT.PSS. As can be observed the Raman spectrum of
the PEDOT:PSS/PANI film presents all the main vibrations of polyaniline: at 1170 cm™ (C-H
bending vibration of the quinoid/benzenoid ring), the C-N" vibration at 1327 cm™, the vibration

due to delocalized polaron in the extended polymeric conformation at 1365 cm™, the band to the N-
H vibration at about 1500 cm™ and, finally the band at 1595 cm'l, related to the stretching vibration
of C-C in the benzenoid ring.23 Moreover, the band related to the PEDOT:PSS at about 1250 cm™
and at 1422 cm™ are still visible. Actually, the IR laser beam at 1064 nm is not totally absorbed
from the polyaniline thin film, being able to reach and stimulate the organic substrate. On the other

hand, the low energy laser beam avoid any luminescence effect from polyaniline.
FIGURE 4

The presence of electroactive PANI layer on the PEDOT:PSS substrate can be evidenced by cyclic
voltammetries in monomer-free solutions. Figure 5 shows the voltammograms of PEDOT:PSS and
PEDOT:PSS/PANI electrodes in IM HNOs. The CV at PEDOT:PSS electrode shows a nearly
rectangular shape, and only two redox shoulders are present at 0.6 and 0.26 V, indicating low
faradic activity and highly capacitive behaviour.?* Similar results have been already observed for

PEDOT inkjet printed on flexible material without metal current collector, which are similar to
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those used in the present work.” In the CV of PANI modified electrode, the typical peaks related to
doping and undoping of protons and anions in the polymeric film, as well as to the transformation
between different forms of PANI, are well visible. The oxidation peak around +250 mV is
attributed to the conversion from leucoemeraldine into emeraldine form, while the second peak
appearing around +800 mV is due to emeraldine/pernigraniline transformation.”** Moreover,
comparing the CVs of PEDOT:PSS and PEDOT:PSS/PANI it can be observed that the capacitance
in presence of PANI is considerably larger than in case of PEDOT:PSS, thus indicating that
PEDOT:PSS/PANI has higher electrochemical active area.

FIGURE 5

The electrochemical proprieties of the polymeric electrodes have been investigated by
electrochemical impedance spectroscopy in aqueous solutions at different pH. Figure 6 shows the
Nyquist plots of PEDOT:PSS and PEDOT:PSS/PANI, recorded in acidic solution at the OCP: as
can be seen for PEDOT the impedance plot presents a 90° capacitive line in the low frequencies
range, while at higher frequencies two deviations can be observed (see magnification of Nyquist

plot in the inset of figure 6).

The high-frequency intercept of the semicircle with the real axis can be used to evaluate the internal
resistance, which includes the resistance of the electrolyte solution, the intrinsic resistance of the
active material, and the contact resistance at the electroactive material/current collector interface.*”
39 PEDOT:PSS and PEDOT:PSS/PANI show similar impedance spectra, but the second one is
shifted to the left, indicating a less resistive behaviour. In order to investigate the effect of the
presence of PANI over the PEDOT, some electrodes with an higher PANI load have been prepared
by 20 cycles of voltammetric polymerisation (PEDOT:PSS/PANI20): the EIS spectrum of one of
them is compared with the previous one in figure 6. As can be seen, the reduction of the resistivity

due to PANI layer is emphasised in samples with higher PANI load.

In order to obtain the characteristic parameters of the electrodes, the impedance spectra have been
modelled with the equivalent circuit proposed by Danielsson et al.*! for PEDOT electrodes (see
inset of figure 6). The following elements have been inserted in the circuit: the uncompensated
resistance (R,), the charge transfer resistance (R.), the double layer capacitance (Cq)), the electronic
contribution to the capacitance (Cq) and the finite-length Warburg element (Zp) which represents
the diffusion within a thin layer of electrolyte. Zp includes a diffusion capacitance (Cp), a

diffusional time constant (tp) and a diffusion resistance (RD=1:D/CD):3 2,3

_ (zp/Cp) coth(jwrp)1/?
4= Gwrp)'/? g
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where o is the angular frequency (2rf) and j=(-1)""%

All the impedance spectra obtained for PEDOT:PSS, PEDOT:PSS/PANI and PEDOT:PSS/PANI20
have been modelled with this equivalent circuit obtaining a very good fit of the impedance spectra
(x* < 6x107). The fitting curves of the Nyquist plots can be seen in figure 6, while Table 1 reports
the values of the circuit parameters. As can be seen in table 1, the uncompensated resistance for
PEDOT:PSS is 1180 €, indicating high intrinsic resistance of this electrode. After the
electropolymerisation of PANI on PEDOT:PSS, R, decreases: values of 900 and 733 Q2 are
obtained for PEDOT:PSS/PANI and PEDOT:PSS/PANI20 respectively. Similarly, the charge
transfer resistance decreases after the PANI deposition and the lowest values correspond to the
higher PANI load. As the capacitance is concerned, the total interfacial capacitance C of the
polymers can be evaluated combining in series the electronic contribution to the bulk capacitance

C4 and the ionic contribution to the bulk capacitance Cp, as follow: 33,34

1
Ye, e,

As can be seen for PEDOT:PSS C4 << Cp meaning that the total interfacial capacitance is

Ctot

dominated by the electronic contribution: similar behaviour has been found by other authors for
PEDOT:PSS electrodes. **** For PEDOT:PSS modified with PANI, the ionic contribution becomes
more important due to the porous structure of PANI: as the PANI load increases the diffusional time

constant increases indicating a slower access of the counter ions into the pores of polymer.
FIGURE 6

TABLE 1

The electrochemical activity of the organic bilayer has been tested via measurements of pH vs.
OCP. Figure 7 shows the behaviour of PEDOT:PSS/PANI electrode at different pH: the potential
equilibrium response shows a linear trend with pH in the range from 2 to 13.5, with a slope of 58.9
mV/pH unit which indicates a near-Nerstian behaviour of the organic bilayer. In order to investigate
the reversibility of the response to pH, PEDOT:PSS/PANI electrode was tested with increasing and
decreasing pH. As can be seen from figure 6 the potentiometric responses did not show significant
dependence on the direction of pH changes indicating a very low hysteresis. Different results were
obtained for PEDOT:PSS/PANI20: the trend of OCP vs. pH showed two slopes of 51.1 mV/pH unit

and 8.9 mV/pH unit in acidic and neutral-alkaline pH, respectively.

FIGURE 7
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Moreover, measurements of OCP vs. pH have been performed using electrodes of either PANI or
PEDOT:PSS onto plastic substrates, without metallic current collector. PEDOT layers have been
obtained by ink-jet printing, and PANI was dip-coated. As can be seen in figure 8, PEDOT shows a
linear trend of the potential equilibrium response as a function of pH with a slope of 10.5 mV/pH
unit indicating a very low sensitivity toward pH variations, which can be attributed to the low
conductivity of the ink-jet printed film. As highlighted in the literature, appreciable increasing in
conductivity has been obtained only when PEDOT:PSS was modified with ethylene glycol,*
graphene oxide® and dimethyl sulfoxide'. As highlighted by different authors, the pristine
PEDOT:PSS presents a coil structure were PEDOT grains are surrounded by a PSS insulating
shield which prevents the interactions between the hydrophobic PEDOT and water. % %% Thus,
the low pH responses may be attributed both to the low conductivity and to the inactivity of the

SO;" groups of the PSS.

The dip-coated PANI shows a linear trend for pH between 2 and 7 with a slope of 50.7 mV/pH unit,
while at higher values of pH the slope of OCP vs. pH decreases down to 7.7 mV/pH unit indicating
a considerable loss of sensitivity at neutral-alkaline pH. It is well known that PANI is a conducting
polymer that shows a very high sensitivity toward pH: a linear dependence of OCP from pH in
acidic solutions has been found for PANI electropolymerized on different substrates. 3741 At neutral
or basic pH the sensitivity significantly decreased and, depending on the preparation conditions and
on the substrates, the detection of pH is limited below 8-9, while in the acidic range of pH PANI
usually presents a near-Nerstian or a sub-Nerstian behaviour.*”>%** At higher values of pH, the
sensitivity decreases and a reduction of the slope in pH vs. OPC curve has been often observed. In
alkaline solution, the PANI becomes deprotonated and the conductivity of the films undergoes a

dramatic decrease in magnitude.
FIGURE 8

Based on the above considerations, the high sensitivity of PEDOT:PSS/PANI in a wide range of
pH, can be really attributed to a synergistic effect. In the low pH range the response is due to
protonation/deprotonation of amino groups of conducting PANI. At neutral and alkaline pH the
sensitivity of PEDOT/PANI can be explained considering that the ink-jet printed PEDOT:PSS
contains large amounts of amorphous PSS as insulators which is added to dissolve PEDOT in
water. When the PANI is electropolymerized on PEDOT:PSS, the positive charge in the PANI
backbone may weaken the coulombic attraction between PEDOT and PSS creating conductive
pathways which allows an increase of the conductivity of the pristine PEDOT:PSS structure (see

scheme in figure 9), similarly to the results obtained with PEDOT:PSS treated with DMSO',
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graphene oxide®® and ethylene glycol.” Thus, when PANI in the organic bilayer is in its insulating
form at alkaline pH, the extended-coil conformation of PEDOT:PSS can guarantee higher
conductivity while the negative charged groups SO;™ can contribute to the responses at neutral and
alkaline pH of the solution. It is worth observing that, when the PANI load increases, the behaviour
of the bilayered film is similar to that of dip-coated PANI indicating that an excessive PANI load

hinders the interactions between the negative charged groups SO;™ and the solution.

FIGURE 9

Conclusions

Hybrid polymeric electrodes were obtained by inkjet printing of PEDOT:PSS combined with
electropolymerisation of aniline. With this approach we obtained a bilayer electrode in which
PEDOT:PSS was both active material and current collector, since metallic components were not

used.

A thin film of PANI onto PEDOT:PSS was evidenced by SEM and Raman analyses. The electrodes
were characterised by electrochemical impedance spectroscopy, which evidenced a large increase in
the specific surface and a reduction of resistivity after coating of PEDOT:PSS substrates with

PANIL

The electrodes were tested as pH sensors: the results show that the hybrid structures have linear
response in pH window larger than those of either PEDOT:PSS or PANI electrodes, as well as

higher sensitivity.
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Figure captions
Figure 1. Pictures of the ink-jet printed PEDOT:PSS and PEDOT:PSS/PANI electrodes.

Figure 2: Cyclic voltammograms recorded during PANI electropolymerisation in 0.1 M aniline + 1
M HNOj; aqueous solution on PEDOT:PSS electrodes. Inset shows the first voltammetric cycle of

polymerisation.

Figure 3. SEM micrograph of surfaces (A and C) and of the focused ion beam (FIB) cross sections
(B and D) of PEDOT:PSS (A and B) and PEDOT:PSS/PANI (C and D) on PEN substrate.

Figure 4. Raman spectra of PEDOT:PSS/PANI (a), PANI (b) and PEDOT:PSS (c).

Figure 5. Cyclic voltammetries of PEDOT:PSS (grey line) and PEDOT:PSS/PANI (green line)

electrodes performed in monomer-free solutions containing 1 M HNOs. Scan rate 100 mV/s.

Figure 6. Nyquist plots of PEDOT:PSS (triangles), PEDOT:PSS/PANI (circles) and
PEDOT:PSS/PANI20 (squares) recorded in solution at pH = 2.8.

Figure 7. Trends of open circuit potentials (OCP) versus pH for PEDOT:PSS/PANI electrode
(measurements performed from alkaline to acidic or from acidic to alkaline) and

PEDOT:PSS/PANI20 electrode (measurements performed from acidic to alkaline).

Figure 8. Trends of open circuit potentials (OCP) versus pH for PEDOT:PSS (grey triangles) and
PANI (green and blue circles) electrodes.

Figure 9. Sketch of the modifications of the conformation of pristine PEDOT:PSS after the
electropolymerisation of PANI. The grey grain and the light blue lines stand for PEDOT and PSS
respectively. The green fibers stand for PANI.
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Table 1: Values of the elements calculated from model of the equivalent circuit fitted to impedance
spectroscopy data at pH 2.8.

PEDOT:PSS PEDOT:PSS/PANI  PEDOT:PSS/PANI20

Ru (ohm) 1183 900 7342
Cdl (mF) 0.33 0.40 0.66
Ret (ohm) 171.8 66 13.2
Cd (mF) 0.31 0.72 6.37
T () 1.44 3.92 721

Cp (mF) 2.26 481 34.77
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Figure 1

PEDOT:PSS PEDOT:PSS/PANI
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Figure 3.
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Figure 4.
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Figure 5
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Figure 6
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Figure 7
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