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ABSTRACT. The water dispersion of the conductive polymer poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is one of the most

used material precursor in organic electronics also thanks to its industrial production.

There is a growing interest for conductive polymers that could be alternative, surrogate

or replace PEDOT:PSS in some applications. A recent study by our group compared

electrodeposited PEDOT:Nafion vs PEDOT:PSS in the use for neural recordings. Here

we introduce an easy and reproducible synthetic protocol to prepare a water dispersion

of PEDOT:Nafion. The conductivity of the pristine material is on the order of 2 S cm-! and

was improved up to ~6 S cm-! upon treatment with ethylene glycol. Faster ion transfer

was assessed by electrochemical impedance spectroscopy (EIS) and, interestingly, an

improved adhesion was observed for coatings of the new PEDOT:Nafion on glass

substrates, even without the addition of the silane cross-linker needed for PEDOT:PSS.

As proof of concept, we demonstrate the use of this novel water dispersion of

PEDOT:Nafion in three different organic electronic device architectures, namely an

Organic Electrochemical Transistor (OECT), a memristor and an artificial synapse.
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INTRODUCTION

oNOYTULT D WN =

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) was

12 chemically synthesized for the first time in 1988, as a stable water dispersion.! Since

15 then, PEDOT:PSS has become perhaps the most important and most used conductive

19 polymers in organic electronics.? Multiple factors contributed to the enormous growth of

22 PEDOT:PSS market, including good film-forming properties, high transparency in the

2% visible range, excellent thermal stability and high conductivity. The conductivity of the

29 as-prepared PEDOT:PSS can be further improved by treatment with polar additives,

surfactants, salts and acids.3 For instance, the conductivity of the commercially

36 available Clevios PH1000, which represents one of the highly conductive forms of

commercial PEDOT:PSS dispersions, can be increased from approximately 1 S cm-! up

43 to 1000 S cm'.3 Conductive polymers can be obtained either through electrochemical

and chemical pathways. The big advantage of the chemical synthesis relates to the fact

50 that it is well suited for industrial scale up. On the other hand, the electrochemical

polymerization is particularly useful for those applications that require, for example, a
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strict control of the deposited film in terms of electroactive area, thickness or doping

content.*® Formulations of PEDOT:PSS are often used for organic electrochemical

transistor (OECT) and, in general, for bioelectronics.® Nevertheless, an increasing

number of researchers have recently directed their efforts towards developing

alternative materials to the commercially available PEDOT:PSS water dispersions.

Among these, Tekoglu and co-workers have prepared a PEDOT- deoxyribonucleic acid

(DNA) biocomposite that may embody specific biorecognition properties.” Other studies

are aimed to replace PSS with biomolecules suitable for improving the biocompatibility

of the blend, or to develop a drug delivery material, either for chemically or

electrochemically prepared PEDOT.8-10 Still, the incorporation of the sterically hindered

PSS in PEDOT was found to be disadvantageous in DSSCs suggesting that the high

conductance is not the only appealing requirement in organic electronics.’” Nafion is the

best-known ionomer membrane behaving as a solid, proton conducting electrolyte in

electrochemical technology. The molecular structure of Nafion is characterized by a

hydrophobic polytetrafluoroethylene backbone with regularly spaced shorter

perfluorovinyl ether side-chains, each terminated by a strongly hydrophilic sulfonic acid

ACS Paragon Plus Environment
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group (see Figure 1 and S1).'2 The greatest interest in Nafion in recent years arises

from its potential role as a proton conducting membrane in fuel cells. Indeed, a proton

conductivity on the order of 0.09 S cm" has been reported for Nafion 117 membranes,

together with a specific capacitance of 64 nF g-'.'3 Chemical polymerization of pyrrole

and 3,4-ethylenedioxythiophene (EDOT) on Nafion 117 membranes was reported in the

literature.’* Recently the group of Christian Mdller fabricated melt-spun PEDOT:Nafion

fibers through the polymerization of PEDOT within a Nafion template. They also

provided the performance of PEDOT:Nafion as a mixed ion-hole conductor in OECTs.®

Our group reported electrodeposited PEDOT:Nafion on neural microelectrodes to yield

higher charge injection limit when compared to the classic electrodeposited

PEDOT:PSS, which makes it a good candidate for both neural recording and

stimulation.'® Advantages of electrodeposited PEDOT:Nafion for neurotransmitters

detection have been described recently in the literature.”'8 Nevertheless, the synthesis

of a highly conductive water dispersed PEDOT:Nafion composite, that could indeed be

compared to the existing water-based formulations of PEDOT:PSS, has never been

reported to date. To the best of our knowledge, only three examples in the literature
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reported on the chemical polymerization of EDOT in the presence of Nafion, although

leading to poorly conductive materials (<<0.001 S cm-') thereby failing to attract the

attention of the organic electronics community. 920

The present work is aimed to provide an easy and efficient protocol to prepare a water

dispersion of PEDOT:Nafion as a functional alternative to the well-known PEDOT:PSS

in the field of organic electronics. The new PEDOT:Nafion water dispersion has been

characterized by means of optical molecular and vibrational spectroscopy, X-ray

photoelectron spectroscopy (XPS), cyclic voltammetry (CV), electrochemical impedance

spectroscopy (EIS) and atomic force microscopy (AFM). Finally, the obtained

PEDOT:Nafion has been used as active material in three different organic electronic

devices as a proof-of-concept of its use in different applications: namely OECTs for

bioelectronics, non-volatile memories (memristors) and artificial synapses. 2123

ACS Paragon Plus Environment
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EXPERIMENTAL SECTION

oNOYTULT D WN =

Materials

13 Nafion dispersion (10 wt. % in H20, eq. wt. 1100), EDOT, anhydrous Iron(lll) chloride

16 (FeCls), 3-Glycidyloxypropyl)trimethoxysilane (GOPS), ethylene glycol (EG), and

20 sodium chloride (NaCl) were purchased from Sigma Aldrich (Italy). Conductive fluorine

23 tin oxide (FTO) glass (25/25/1.1 mm, 7-15 Q sq') was from Redoxme AB (Sweden).

27 Ultrapure water (Milli-Q, Millipore, USA) was used for this study. PEDOT:PSS solution

30 (Clevios PH1000) was purchased from Heraeus Precious Metals GmbH & Co.

(Leverkusen, Germany). The nominal solid content and PEDOT to PSS ratio of the

37 PH1000 solution are 1-1.3% and 1:2.5 by weight, respectively.

Synthesis of PEDOT:Nafion

46 The dispersion of Nafion (2 mL, 0.19 mmol) was diluted with water (6 mL) and EDOT

(20pL, 26.62 mg, 0.187 mmol) was added. The mixture was vigorously stirred under a

53 N, atmosphere for 30 minutes and EDOT was completely dissolved. FeCl; (60.75 mg,
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0.374 mmol) was added and stirring was continued for 24 hours, at room temperature

and under N,. Water (10 mL) was added and the crude reaction mixture was

centrifuged. The supernatant, which contains impurities and unreacted materials, is

separated whereas the dark blue solid is re-dispersed in water (15 mL). This process is

continued several time (typically 6-7 times), when the absorption spectrum of the

supernatant presents no signals in the UV region (~ 220-350 nm). Finally, the solid was

dispersed in water (8 mL) to give a water dispersion of PEDOT:Nafion (density = 1.00

0.01 g cm-3). A reaction yield on the order of 50% is estimated, hinting that a 100%

reaction yield should give a total amount of PEDOT comparable to the initial amount of

EDOT.

Molecular and Vibrational spectroscopies

Absorption spectra were collected with a JASCO V 750 and V 570 UV-Vis

spectrophotometers. Attenuated Total Reflection—Fourier Transform Infrared

Spectroscopy (AT-FTIR) was performed with a FTIR spectrometer from JASCO (model

ACS Paragon Plus Environment
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FT/IR 4600) equipped with a ATR accessory (ATR Pro One, JASCO). Analysis was

collected on powder samples after removal of the solvent at room temperature.

oNOYTULT D WN =

_ =
- O

Electrical and electrochemical characterization

—_ .
O WN

The electrical conductivity was measured at room temperature by a standard four-

—_—
O 00 N

probe method with a Reference 600 potentiostat (Gamry Instruments, USA) and a tester

N NNDN
w N = O

set in dc voltage mode. The van der Pauw method has been used to determine the

N NN
[o) WU, NN

electrical conductivity using the Gamry potentiostat as current source and measuring

W NNN
O O 00

the correspondent voltage drop with a multimeter (Meterman 38XR).2* Film thickness

w w w
w N =

were measured with a KLA Tencor Stylus Profiler P7 profilometer.

w w www
0 NO LU b

CV and EIS were carried out using a Reference 600 potentiostat (Gamry Instruments,

> D W
- O

USA) connected to a three-electrode electrochemical cell with a large area Pt foil as a

A DD DN
o b wN

counter electrode and a Ag/3M AgCl reference electrode (+0.197 V vs NHE).25 CV were

A bp D
0 N O

collected at the scan rate of 50 mV s-'. EIS were performed at 0 V by superimposing a

(O, O, O, I N
N = O VO

voltage sine wave modulation (10 mV RMS amplitude) within the frequency range of

U U1
o b w

105-10-1 Hz. The software ZSimpWin V 3.2 (EChem Software) was used for equivalent

v U1
O 00 N O
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circuit modeling of EIS data and x? values in the range of 104-107° were used to

estimate the covergence of the fit. The electrochemical characterizations were collected

in saline (0.9% w/w NaCl aqueous solution). Samples were coated on FTO glass

substrate by drop casting (30 pL) a previously diluted (1:6) dispersion of PEDOT:Nafion

(N3, see Table 1) or PEDOT:PSS (PH1000). A small amount of GOPS (0.2 % volume)

was added to PH1000 in order to improve the adhesion of the film.26 The samples were

dried at room temperature for 3 hours and baked at 100°C for 30 minutes.

Spectroelectrochemistry

Samples were coated on FTO glass substrate by drop casting and placed in a cuvette

(Hellma, optical glass, spectral range 320-2500 nm, path length 10 mm, chamber

volume 3,500 pL) containing saline installed in the beam path of the spectrophotometer.

Spectroelectrochemistry data was recorded in a two electrode cell, using an Ag wire as

the counter/reference electrode and the coated FTO electrode set as the working.

Applied voltages for the Ag wire were rescaled vs. Ag/Ag* using K4[Fe(CN)g] as a

standard. The potentials in spectroelectrochemical studies were controlled using the

10
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Gamry Reference 600 potentiostat and spectra were recorder while applying a constant

cathodic potential at the working electrode.

oNOYTULT D WN =
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Surface analysis

—_ .
o WN

All films were prepared by drop casting the solution of PEDOT:Nafion or PH1000 on

—_ —
O 00 N

glass slices (10/20 mm). XPS measurements were conducted on a Kratos Axis Ultra

N NDNDN
w N = O

DLD spectrometer, using a monochromatic Al Ka source (15 kV, 20 mA). Wide scans

N NN
[o) WU, NN

were acquired at an analyzer pass energy of 160 eV. High-resolution narrow scans

W NNN
O O 00 N

were performed at a constant pass energy of 20 eV in 0.1 eV steps. Photoelectrons

w w w
w N =

were detected at a takeoff angle ® of 0° with respect to the surface normal. The

w w w w
NO b

pressure in the analysis chamber was kept below 6 x 10-9 Torr for data acquisition. The

B W W
O O

data were converted to VAMAS format and processed using CasaXPS version 2.3.19.

B
A WN =

The binding energy scale was internally referenced to the C 1s peak (BE for C-C of

> D
N O w»n

284.8 eV).

vuouutunu oot D
coONOOULT DN WN—= O VOV

11
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SEM imaging was performed with a Zeiss EVO 40 electronic microscope with a
maximum acceleration voltage of 20 KV. The sample were carbon coated with a ~10 nm

thick film.

AFM images were acquired in air at room temperature using a Park XE7 AFM System
(Park Systems, Suwon, Korea) operated in tapping mode. Pre-mounted silicon
cantilevers with backside reflecting coating (Al), typical tip curvature radius ~7 nm, k
~26 N/m and resonant frequency of ~300 kHz were used (OMCL-AC160TS, Olympus
Micro Cantilevers, Tokyo, Japan). Average surface roughness from several random

regions was expressed as RMS (Root Mean Square Roughness) + standard deviation.

r 2a

The Height-Height Correlation Function, H(r) =2c? [1-e ® ] was used to extract
characteristic distance (r.) values from 2 x2 ym? topography images; o is the surface
roughness, a is the Hurst parameter or roughness exponent, and ¢ is the correlation
length associated to a characteristic length scale in the image, such as average grain

size or distance between two adjacent fibers.2” The images were analyzed using

12
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Gwyddion 2.55 Free SPM Software and Park Systems XEI| Software (Park Systems,

Suwon, Korea).

oNOYTULT D WN =

- =
- O

Device fabrication and characterization

—_ .
o WN

Three different device architectures featuring PEDOT:Nafion as active material were

—_ —
O 00 N

demonstrated: OECT, memristor and artificial synapse. OECT and artificial synapse

N NDNDN
w N = O

were fabricated depositing 0.5 yL of a 1:6 dilution of as-synthesized PEDOT:Nafion in

N NN
[o) WU, NN

MilliQ water on custom-designed test patterns (Phoenix S.R.L., Italy). Each test-pattern

W NNN
O O 00 N

features nine independent pairs of gold Source/Drain electrodes (width-to-length ratio

w w w
w N =

W/L=4) patterned onto a flexible polyimide substrate. Memristors were obtained casting

w w w w
NO b

10 pL of the same PEDOT:Nafion formulation on photolithography/lift off made

B W W
O O

Au/quartz test-patterns (FBK, Trento, Italy) with W/L=10. Deposition was followed by

B
A WN =

three subsequent dipping steps (1 min in ethylene glycol, 30 s in ethanol and 30 s in

> D
N O w»n

MilliQ water) and by curing in thermostatic oven (120°C, 45min). A two-channel Source-

v b D
- O OV ®

Measure Unit (Keysight B2912A) was used to characterize device performances using

(G2 BN O, IN0) |
H wN

Phosphate Buffer Solution (Sigma P3619-1GA, pH 7.4) as electrolyte and Pt foil as bath

(S, BNC BN, RV, |
0N O WU,

13

w
e}
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electrode, the latter acting as gate in OECTs and memristors, and pre-synaptic terminal

in artificial synapses.

Statistical Analysis

All experiments have been conducted at least in triplicate, except otherwise specified.

Data were expressed as the mean + standard deviation (SD) or standard error of the

mean (SEM) where specified. Differences between groups were analyzed by a two

sample Student’s t-test. Significance was set at p < 0.05. All statistics were performed

using the software OriginPro 2016 (OriginLab Corporation, MA).

RESULTS AND DISCUSSION

Synthesis

Oxidative polymerization of EDOT follows a path in which the starting point is the

extraction of an electron from the monomer which forms radical cation intermediates.

These radicals initiate the oligomer growth and, once the neutral form of PEDOT is

obtained, the excess of charge corresponds to the reversible oxidation or doping level of

14
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the polymer.28 Both ammonium persulfate (APS) and FeCl; have been extensively used

for the preparation of PEDOT:PSS or, in general, for the synthesis of PEDOT based

water dispersions.?® FeCl; is a milder oxidant (E° = 0.77 V Vs NHE), whereas the

peroxydisulfate anion S,0g%, with a standard reduction potential of +2.01 V (Vs NHE), is

one of the most powerful oxidants.3 It is known that the solubility of EDOT in water is

low, on the order of 2.1 g I'" (10-2M).3" In our previous study, we have successfully

electrodeposited PEDOT:Nafion films from a solution of 0.01 M EDOT in a mixture of

Nafion and water.'® In the present study we adopted similar conditions, in order to

account for a complete dissolution of the monomer. We found that in similar conditions

FeCl; provided better results than APS, in terms of improved conductivity and higher

reproducibility, as reported in Table 1. We did not investigate the reasons of this

behavior and FeCl; was the oxidant preferred in this study. Thus, an excess of FeCl;

was added to the solution of EDOT in Nafion and the reaction mixture turns a deep blue

color within 10-30 minutes. The appearance of polaron tails is confirmed by the

increased absorbance at wavelengths higher than 500 nm. This indicates that the

progression of the polymerization produces polarons and bipolarons charge carriers in

15
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the new formed PEDOT:Nafion chains.3? Thus, the reaction can be easily monitored

through UV-Vis spectroscopy by observing the variation of the spectra over time. 33 In

Figure S2 we present the typical spectral evolution during the oxidative polymerization

of EDOT in the presence of Nafion and FeCls. A sketch of the reaction is reported in

Figure 1.

o

e \e d %
~ g \Ef
Y5 | + Z/ \;
~cr, ;

Nafion . C/(I:F\O/cz\ _S0sH EDOT

hele)

PEDOT:Nafion

Figure 1. Synthetic route to PEDOT:Nafion water dispersion.

16
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The conductivities of the most promising PEDOT:Nafion composites, obtained at

12 different [Nafion] to [EDOT] molar ratios, are in the range of 0.3-2 S cm-', as reported in
15 Table 1. In accordance with Zotti ef a/., the sulfonate to thiophene molar ratio R/ for
19 the various PEDOT:Nafion samples were determined by XPS analysis.3* We then

22 related the conductivity of the obtained PEDOT:Nafion dispersions with their respective
2% Rs/rratios. In the same conditions PH1000 exhibited a conductivity of 0.54 S cm™'

29 0.03, in accordance with the literature.3®> Moreover, the conductivity of PEDOT:PSS
prepared with FeCls, following a procedure similar to our study, was reported on the

36 order of 101 S cm.36

Table 1. Conductivity of PEDOT:Nafion

Zi Sample [Nafion]/[EDOT] c Rsr?
-1
45 D (S cm™)
46 N1 2.44 0.36 + 0.04 7.0 +
48 0.6
< N2 1.22 15+ 0.2 28+
51 0.1
53 N3 1.01 20+03 23+

0.1

17
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N4 0.81 1.9+04 1.6+
0.2

N1AP 2.44 <<0.01 59+
0.1

N2AP 1.22 0.05 £ 0.006 1.5+
0.6

N4AP 0.81 0.37 £ 0.03 1.6+
0.3

a by XPS analysis; Poxidant: APS 1.01 eq. molar, 24 hr, room temperature.

It should be noticed that the conductivity of PEDOT:PSS is strongly influenced by the

ratio between PSS and PEDOT. In general, lower conductivities are observed when an

excess of the insulating PSS is incorporated within PEDOT:PSS.34 Interestingly, we

found a strong correlation between [Nafion]/[EDOT] and the resulting Rs,r parameter,

which decreases as the amount of EDOT is increased, with respect to Nafion. A

significant improvement of the conductivity of PEDOT:Nafion can be observed when

[Nafion]/[[EDOT] is reduced from 2.44 to 1.22, reflecting a Rs,r parameter of 7 and 2.8,

respectively. Further reduction of Rs, yielded the highest conductivity on the order of 2

S cm' when the ratio between Nafion and EDOT is maintained at about 1-0.8. Notably,

18
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it was observed that a reduction of the [Nafion]/[EDOT] value below 1 (sample N4,

Table 1) leads to the formation of aggregates, suggesting that the solubility of

oNOYTULT D WN =

11 PEDOT:Nafion in water and/or its deposition becomes problematics. This can be

14 outlined in Figure S3, which present the SEM images of N3 and N4 films on glass

18 substrates. Coating of N3 (S3a) is homogenous while the N4 (S3b) film is more irregular

21 with evident aggregation, big cracks and exposed glass areas. Thus, albeit N3 and N4

25 exhibit comparable highest conductance, N3 is the best candidate to be used in organic

28 electronics and, from this point onward, the abbreviation PEDOT:Nafion will refer to the

sample N3. A notorious disadvantage of PEDOT:PSS coatings is related to the poor

35 adhesion to the substrates when exposed to water. In other words, PEDOT:PSS films

show a tendency to delaminate. A common solution to this problem is represented by

42 the addiction of an epoxy-silane, the well-known GOPS, to PEDOT:PSS dispersion in

order to increase the mechanical adhesion of the films. This approach improves

49 significantly the robustness of the film, thereby avoiding delamination, but it negatively

affects the conductivity of the resulting conductive films, when compared to the

56 untreated PEDOT:PSS. Fabiano et al. suggested a possible mechanism to explain the

19
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nature of the reduction of conductivity in PEDOT:PSS treated with GOPS. It is known

that alkoxysilanes give cross-linkages through siloxanes formation, but they also

demonstrated the formation of a covalent bond between the sulfonate groups of PSS

chains and the epoxide moieties of GOPS, which is the cause of the conductivity

reduction.3® Thus, reducing the amount of GOPS or eliminating it may result extremely

beneficial for future applications in organic electronics. Surprisingly, we found that

PEDOT:Nafion coatings did not delaminate under the same conditions even without the

addiction of GOPS. To prove that, we have monitored the absorbance of PEDOT:Nafion

coatings on glass substrates over a period of 30 days immersed in water. Indeed, UV

analysis confirmed no significant film detachment in this period of time in water (see

Figure S4). Interestingly, it has been reported that films on glass of Nafion 117 were

quickly and quantitatively removed from the surface when rinsed in water.3” Our results

indicate a synergistic effect between PEDOT and Nafion in the new composite

PEDOT:Nafion composite in improving surface adhesion when compared to both

pristine Nafion or PEDOT:PSS.

20
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Electronic and Vibrational spectroscopies

In Figure 2a the presence of a broad band of absorption over the Visible-near infrared

region (Vis-NIR) accounts for the formation of highly doped PEDOT.2 It is known that

PEDOT exhibits different doped states, but only polaron and bipolaron are poorly or highly

conductive, respectively, whereas the neutral form is not conductive.32 Thus, the strong

absorption tail in the NIR region and the high optical transparency in the Vis region, both

account for a highly doped bipolaron state of PEDOT:Nafion.?2¢ The comparison between

the UV-Vis spectra of N1-4 samples (Figure S5) indicates that there are no significant

differences in terms of their electronic transitions. This further corroborates the hypothesis

that the conductivity is strongly influenced by the Rsparameter. Figure 2b compares the

FT-IR spectra of Nafion and PEDOT:Nafion. The spectrum of Nafion is dominated by the

strong signals at 1200 cm' and 1142 cm which relate to the coincidence of the

asymmetric stretching of CF, and SO3H, and the very intense band of the CF, asymmetric

stretching mode, respectively.3® The absorption band of medium intensity at 1054 cm-"

21
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has been assigned to the symmetric stretching of the sulfonic groups.3® A blue-shift of

the sulfonate groups peak(from 1054 cm-"to 1065 cm') is consistent with a change in the

coordination pool of the sulfonic groups, likely due to the electrostatic interaction between

SO3 and the positively charged PEDOT chains. Additionally, a significant downward shift

(on the order of ~25 cm-") of the CF, vibrations can be observed in the region of 1100-

1200 cm', if compared to pure Nafion. A similar effect was reported by Tsai and co-

workers for Nafion™ membranes when immersed in water for a long time. Authors

suggested that this effect is due to the interaction of water with both the hydrophilic and

the hydrophobic domains of Nafion.#? In Figure S6 we report a comparison between FT-

IR of PEDOT:Nafion and PH1000. The inclusion of PEDOT in Nafion generates the

appearance of the broad band centered at ~1300 and ~1500 cm-' which accounts for C-

C and C=C stretching modes for thiophene ring of PEDOT backbone.*! Interestingly, the

vibration mode at ~1500 cm-! , which was assigned to the quinoidal form of EDOT, is

slightly up-shifted for PH1000 if compared to PEDOT:Nafion (see Figure S6). Vibration at

1000 cm' can be assigned to the stretching mode in the C-O-C bond of ethylenedioxy
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residues of PEDOT, whereas further signals at ~680 cm-'and 860 cm' originate from the

C-S bond vibration of the thiophene ring.#2
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29 Figure 2. a) UV-Vis-NIR Absorption spectra of PEDOT:Nafion. b) FT-IR spectra of
31 PEDOT:Nafion and Nafion. c) S (2p) and d) O (1s) core-level spectra, of PEDOT:Nafion

33 (black line) and Nafion (red line).

45 XPS analysis

Surface chemical analysis of PEDOT:Nafion was performed by means of XPS

53 analysis (Table S1).43 Figure S7 compares the wide scan analysis of N3 and N4a (see

23

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 24 of 63

Table 1), and it can be seen that, in both cases, the spectra are dominated by the

signals of sulfur, carbon, oxygen and fluorine. In Figure 2c the S 2p profile obtained

from PEDOT:Nafion is characterized by the presence of two distinct sulfur species that

can be ascribed to the sulfonate groups of Nafion (broad peak centered at approx.

169.4 eV) and to the sulfur atoms of the thiophene moiety in the PEDOT (doublet of

peaks at lower binding energy of approx. 164 eV and 165 eV).4445 The band of SO;H

groups in pure Nafion is located at the higher binding energy (BE) of =170 eV, which

indicates a higher electronic density around the sulfonic acid groups in PEDOT:Nafion.

Interestingly, the sulfonate signals of PH1000 are located at the lower binding energy of

168.6 eV (Figure S8a). It is known that the binding energy of sulfonate groups in PSS is

affected by the electronic density around the sulfur nucleus.*?® Thus, results here are

consistent with a lower charge density around sulfonates groups in PEDOT:Nafion

when compared to PH1000. This can be explained taking into account the very strong

electron-withdrawing character of the fluorocarbon chains in Nafion, thereby leading to a

pK, which was estimated on the order of -3, whereas for PSS a higher value of pK,~1.2

was reported.*®4” The O 1s spectrum of Nafion (Figure 2d) contains two main
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components, the stronger at the higher binding energy of 535.4 eV and the minor at

533.1 eV coming from the etheric and sulfonic groups, respectively.*® These signals are

observed also for PEDOT:Nafion but, in this case, the oxygens in the dioxyethylene

bridge of PEDOT produce an increase of the intensity of the peak at the binding energy

of ~533 eV.*? Interestingly, the signals related to dioxyethylene oxygen atoms are

downshifted of about 0.8 eV in PH1000, as reported in Figure S8b. The C 1s spectrum

of Nafion shown in Figure S8c has two main peaks at 291.6 eV (strong) and at 293.2 eV

(shoulder). The lower binding energy signal is generated by the CF,, whereas the

smaller component has been assigned to CF3.48 Other low intensity peaks are present

at approx. 290 eV (due to —OCF2- groups) and 287 eV (assigned to CF groups). When

PEDOT is incorporated in Nafion to give PEDOT:Nafion, the new peaks relative to C-

C/C-H, C-S, C=C-0, and C-O-C groups of PEDOT are also observed in the energy

range of 285-287 eV.4% Elemental composition of PEDOT:Nafion samples and Nafion,

as calculated from XPS analysis, are reported in Table S1. The repeating unit in Nafion

(Nafionmenomer) has the generic formula C,oHF3905S (Figure S1) thus, a theoretical

fluorine-to-sulfur molar ratio (Rg/s) of 39 should be expected for Nafion. Nevertheless, a
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higher value of Rgs on the order of 70 was obtained via XPS for Nafion, which is

consistent with a higher abundance of fluorine atoms. This effect was ascribed to a

displacement of the sulfonic acid groups away from the surface, as reported by other

authors.50 Indeed, according to Gierke model, the structure of Nafion is dominated by

the presence of inverted micelles, where the polymeric ions and absorbed water

separate from the fluorocarbon matrix into approximately spherical domains connected

by short narrow channels.>' Given that Rg/r provides the molar ratio between monomeric

units of Nafion and EDOT units in PEDOT:Nafion, theoretical values of Rg;s for N1-N4

samples can be calculated according to the stoichiometry of the repeating unit of

PEDOT:Nafion, which can be expressed as [Rs/(Nafionmenomer)[EDOT] (see Table S1).

Interestingly, the introduction of PEDOT in Nafion produces a significant reduction of the

Rg/s ratio for all PEDOT:Nafion samples (N1-N4) toward the expected theoretical value,

and this effect is more pronounced as the amount of PEDOT increases (see Table S1).

Thus, the higher concentration of sulfonic acid groups on the surface of PEDOT:Nafion

(N1-N4), in comparison to pristine Nafion, suggests that the incorporation of PEDOT

brings the (buried) hydrophilic domains of Nafion on the surface.
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13 Electrochemistry and Spectro-Electrochemistry

17 Conjugation length and conjugation defects along the polymer backbone play an

2 important role to determine the overall conductivity. Indeed, the electrical conductivity of
24 PEDOT can be improved by tuning the conjugation length and/or increasing the doping
28 level.5? In general, an extended conjugation length of PEDOT reduces the HOMO-

31 LUMO energy bandgap of the neutral state, thereby shifting the n-n* transition to lower
energies. Thus, spectro-electrochemical analysis was conducted in order to shed light
38 on the relationship between the molecular structure of PEDOT:Nafion and its
conductivity. Given that the absorption of the reduced form of PEDOT:PSS is typically
45 centered at ~630 nm, a negative shift of this maximum is likely due to the presence of
shorter PEDOT chains.53 As reported in Figure 3a the fully reduced form of

52 PEDOT:Nafion exhibited a broad band centered at 620 nm. The spectrum of reduced

PH1000 (Figure S9) outlines the presence of two maximum peaks at 637 nm and 690
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nm, due to the presence of inequivalent quinoid and benzoid forms.5>* Thus, neutral

PEDOT:Nafion exhibits a slight hypsochromic shift of the absorption maximum, if

compared to PH1000, presumably due to a reduction of the conjugation length.

Nevertheless, the extent of the conjugation length reduction does not seem to

negatively affect the conductivity of PEDOT:Nafion, which is comparable to pristine

PH1000 (see Table 1).2635 The CV trace of PEDOT:Nafion (Figure 3b) shows a

capacitive behavior at positive voltages, and a strong faradaic activity at negative

potentials, which is related to the reduction and re-oxidation of the PEDOT chains.38

The main faradaic process of PEDOT:Nafion is centered at E1, =-0.2 V and a peak

separation AE = 240 mV. Another reduction peak can be identified at the lower potential

of -0.7 V with a shoulder at -0.5 V, on the reverse scan.
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23 Figure 3. a) Spectroelectrochemistry of PEDOT:Nafion; b) CV of PEDOT:Nafion on
25 FTO; representative fitting of experimental EIS data showing c) the Bode modules and
27 d) the Bode phase angle plots (experimental data are reported as circles and theoretical

29 data are presented as lines).

36 It was reported that the redox potential of PEDOT:PSS changes upon treatment with

40 polar solvents, including EG. Authors suggested that the changes in redox behavior can

43 be ascribed to the EG effect on PEDOT conformation.? Thus, our hypothesis is that two

47 conformational domain can be present in PEDOT:Nafion films. In the case of PH1000

50 (Figure S10) the cathodic sweep exhibits a dominant process centered at -0.3 V (peak

54 separation AE = 220 mV), in accordance with the literature.>® Notably, both
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PEDOT:Nafion and PH1000 exhibited a peak separation larger than 200 mV, thereby

suggesting a slow kinetic process, as a consequence of in/out ions diffusion limitation.

Indeed, the exact location of these redox signals was found to be strongly dependent

not only on the nature of the dopant, but also on structural and morphological

modification of the conductive film.%%57 Taking into account the extremely low pKa of the

sulfonic acid groups of Nafion, it is likely that the higher reduction potential of

PEDOT:Nafion is the result of several contribution including, but not limited to, the

electrostatic interaction between negatively charged sulfonate groups and the positively

charged PEDOT units. EIS was collected in order to compare charge transport

dynamics of PEDOT:Nafion and PH1000. Circuit modelling was also applied to provide

a quantitative analysis of experimental EIS data. One of the most widely accepted

electric circuit to model experimental EIS of PEDOT consists of a solution resistance Rs

in series with a fast charge transfer process (a charge transfer resistance Ry in parallel

with a charge transfer capacitance Ccr), a double layer capacitance Cy and a finite

length Warburg impedance T.58 The charge transfer process accounts for ion transport

at the polymer|electrolyte interface.?® The Warburg element describes the diffusion of
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ions through the pores of PEDOT, and its impedance can be obtained by the formula Zp

= (zp/Cp)coth(jwtp)?/(jwrp)'? where Jis the imaginary unit (# = -1), wis the angular

oNOYTULT D WN =

11 frequency (o = 2xf, where fis the frequency), tp is the diffusional time constant, Cpis
14 the pseudocapacitance and Ryis the diffusional resistance, the two determing the

18 device timescale 7,= RpCp.%° We found a better approximation when a constant phase
21 element CPE was adopted in place of a pure capacitor (see Figure S11 for a sketch of
25 the circuit model).'6.60 A CPE is often used to model the capacitance of not-ideal

28 electrode surfaces, due for instance to the presence of rough and/or porous coatings.
The impedance of a CPE is given by 1/Zcpe = Qcpe = QA jw)” where Qcpeis the

35 admittance of the CPE and Q,represents the admittance at » = 1 rad s-1.5° The good
agreement between experimental and calculated EIS can also be observed by visual
42 inspection in the Bode |Z| and phase angle plots (see Figure 3c and 3d, respectively).
The relevant parameters obtained by the fitting are reported in Table S2. Interestingly,
49 faster ion transport is observed for PEDOT:Nafion which yielded similar charge transfer
resistances, but lower time constant than PH1000. Additionally, the exponent n of the

56 CPE is on the order of 0.94 for PEDOT:Nafion whereas it was found to be 1 for
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PH1000, thereby reflecting the behavior of an ideal capacitor of the latter. This deviation

can be due, for example, to a larger roughness for PEDOT:Nafion surface compared to

PH1000. The diffusion of ions through PEDOT:Nafion pores is facilitated, with respect to

PH1000, as indicated by the lower Rp exhibited by the former. Notably, this is also

consistent with a higher ion conductivity of PEDOT:Nafion.®' Faster diffusion of ions

through PEDOT:Nafion pores is also supported by the lower 7, on the order of 0.13 s, if

compared to ~0.44 s obtained for PH1000, in accordance with our previous study on

electrodeposited PEDOT:Nafion Vs PEDOT:PSS.'® A capacitance of 3.3 £ 0.6 mF cm

was obtained for PEDOT:Nafion, which was extracted at the low frequency limit of the

imaginary part of the impedance, following the relationship -Z;,,,, = 1/(2»fC,) (where f=

0.1 Hz).%° Thus, PEDOT:Nafion coatings are characterized by a slightly lower

capacitance compared to PH1000, that exhibited a value on the order of 4.6 mF cm2

(see Table S2). According to the adopted electric model, the total capacitance C, =

(1/cpe + 1/Cp)" arises from in-series electronic capacitance CPE and diffusional

capacitance Cp.52 Although the physical meaning of the admittance @, of the CPE can

be ascribed to a pure capacitance only when o = 1 rad s™' or when n= 1, the lower Q,
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exhibited by PEDOT:Nafion is consistent with the smaller electronic capacitance with

respect to PH1000.62 |t was reported that the electronic capacitance of PEDOT:PSS

relates to the amount of charge carriers.62 Thus, a possible explanation of the reduced

capacitance of PEDOT:Nafion can be linked to a slightly lower amount of charge

carriers in the water dispersion, compared to the solution of PH1000. According to the

customer, the PEDOT:PSS content in the dispersion of PH1000 is in the range of 1-1.3

% by weight with a PSS to PEDOT ratio of 2.5. This corresponds to a PEDOT content

on the order of 0.2-0.3 % by weight. A solid content of about 3.1-3.3 % was estimated

for PEDOT:Nafion water dispersion thus, according to XPS analysis which provided a

Nafion to PEDOT molar ratio of 2.2, this corresponds to a PEDOT content of #0.1-0.2 %

by weight (see Table S3). To sum up, the reduced capacitance observed for

PEDOT:Nafion can be ascribed to a slightly lower amount of PEDOT compared to

PH1000.

AFM analysis
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In Figure 4a-d we report the results of AFM investigation carried out on

PEDOT:Nafion films deposited on FTO substrates. As prepared PEDOT:Nafion films

exhibit a one-order-of-magnitude-higher surface roughness (RMS =18 £ 3 nm,

calculated on a 2 x 2 um? scan size) compared to PH1000 (RMS = 2.3 £ 0.8 nm, see

Table S4 and Figure S12a, b), thereby corroborating EIS modelling results. In addition,

the surface of PEDOT:Nafion is composed by round-shaped nanograins with a mean

lateral size of x25-30 nm (Figure 4b, c), sharply contrasting the typical structure of

pristine PH1000, composed by nanograins and fibrillar structures with size on the order

of 20 nm (Figure S12b, c).26 The analysis of the phase image signal (Figure 4d) reveals

a roughly homogenous distribution of the phase angle values, which hints the

identification of separated PEDOT and counterion phase, as found for pristine PH1000

(Figure S12d) and also reported in the literature.?® It is known that PEDOT:PSS

undergoes a phase separation between conductive PEDOT and insulating PSS chains,

respectively, upon treatment with polar solvents like ethylene glycol (EG). This produces

a large increase of the conductivity of PEDOT:PSS.%° In the case of PEDOT:Nafion, the
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same protocols used for PEDOT:PSS were not able to yield such an effective

improvement of the conductivity.
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Figure 4. Results of AFM characterization carried out on PEDOT:Nafion (a-d) and
PEDOT:Nafion+EGy, (e-h) samples. a, e) 3D topographical rendering (scan size: 5 x 5
um3); b, f) 2D topography images (scan size: 1 x 1 um?, scale bar is 250 nm); ¢, g)
Height-height Correlation Function plots in log-log scale: the characteristic distance r,
can be obtained from the intercept of the power law fits of the two differently-scaling
regimes in the self-affine regions of the HHCF plot (i.e. for r < ¢, the correlation lenght);

d, h) phase images (scan size: 1 x 1 ym?, scale bar is 250 nm).

The best results were obtained by dipping the coated films in EG and, subsequently in

ethanol and water (see experimental) which yielded a conductivity of 5.5 £ 0.8 S cm™".
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This protocol is similar to the one reported in the literature for PEDOT:PSS, which is

known to have a significant effect on the final conductivity.®® Indeed, the morphology of

PEDOT:Nafion was markedly modified upon dipping in EG, as can be seen in Figure 4e

and 4f. The most evident effect was the modification of the surface nanostructure,

where the nano-size granular texture was replaced by a fibril-like structure, with fibrils of

about 7-10 nm interconnected by pores of ~26 nm, (Figure 4g and Table S4). The

phase signal (Figure 4h) appeared to follow the strong modification observed in the

topography (Figure 4f). The fact that the phase signal well traced the topography signal,

suggests that no distinct phases are segregated upon dipping PEDOT:Nafion in EG.

More likely, the whole conductive polymer rearranged its structure into a fibrillary-like

fashion. The absence of a clear phase segregation upon EG treatment may explain, at

least in part, the modest improvement of the conductivity of PEDOT:Nafion if compared

to PH1000 when treated in similar conditions.

Device Demonstration

Organic Electro-Chemical Transistor
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PEDOT:Nafion-based OECTs have been characterized in the standard common

Source-common Ground configuration. In this configuration, a PEDOT:Nafion film

between two electrodes (namely the Source, S, and the Drain, D) acts as a semi-

conductive channel, whose conductivity is modulated by the application of a voltage at a

third electrode (the Gate, G). The Gate sets the potential of the electrolyte and, hence,

the doping state of the conductive polymer (Figure 5a). As expected, due to the analogies

with PEDOT:PSS, these devices work in depletion mode and to increase the channel

resistance by more than an order of magnitude (ON/OFF = 17) the Gate-to-Source

voltage, V/ss, is scanned from -0.7V to 0.7 V at a fixed Drain-to-Source bias, V/ps=-0.7 V.

The transfer characteristics are shown in Figure 5b. The derivative of this curve known

as the transconductance g, is a direct measurement of the potentiometric sensitivity of

OECT. Our PEDOT:Nafion OECTs exhibit g,, = 276 uS £ 15 uS, in line with common

OECTs used for sensing and transduction, peaking at Vs = 100 mV.6465 In similar

conditions PH1000 treated with polar low molecular weight additives (such as EG, DMSO,

etc.) exhibits higher values of g, on the order of 1-10 mS. It is known that

transconductance is directly related to hole mobility, which also directly relates to the
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ohmic conductance of the conductive material.®¢ Thus, the lower transconductance

observed for PEDOT:Nafion can be rationalized referring to the already discussed modest

improvement of its conductivity when treated in EG, if compared to PH1000. It is possible

to observe a moderate counterclockwise hysteresis, which is in good agreement with the

slower re-oxidation kinetics observed in CV analysis. Output characteristics of these

devices (Figure 5c), obtained scanning /s from 0 V to -0.7 V, show ohmic behavior for

low Vps, followed by saturation plateaus and showing no sign of relevant contact

resistance.
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34 (b) and output (c) characteristics (n = 6) of PEDOT:Nafion OECTs reported with its SEM
(grey area); d) average transfer characteristic of PEDOT:Nafion memristors (n = 7),
reported with its SEM (grey area); e) voltammogram (solid blue line) and relative
chronoamperometry (solid red line) showing resistive switching in memristors. Read,
write and erase periods are highlighted in white, orange and grey, respectively; f)
connection layout for pseudo-two-terminal artificial synapse; g) positive branch of the
short-term plasticity neuromorphic response (/pos7 Vs §) in response to pulsed
stimulation (Vege vs 9; h) overlay of the depressive response (v = 625 Hz) of three
different devices, the incomplete relaxation of the ions adsorbed/captured by

PEDOT:Nafion gives rise to the depressive response.
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Non-volatile memories (memristors)

The channel of an OECT can be tuned in order to obtain a non-volatile memory

element whose resistance is shifted between two states by means of an electrochemical

reaction.22 In our PEDOT:Nafion OECTs this is achieved by simply increasing the

thickness of the deposited PEDOT:Nafion layer and the geometrical factor W/L, where

W and L are the channel width and length. Transfer characteristics of these devices,

Figure 5d, exhibit lower channel resistance in the ON state and, subsequently, higher

transconductances (g, = 0.8 mS £+ 0.2 mS), albeit with a positive shift of /zsvalues

necessary for de-doping and a more pronounced hysteresis. By exploiting the poor

reversibility of the doping/de-doping processes in these architectures it is possible to

obtain a low-power memory unit working in liquid (Figure 5e). When null Vzsis applied,

the device is in the “read” condition and the current flowing in the channel upon the

application of a V/psdepends on the doping state of the polymer. It is, hence, possible to

switch it off (i.e. to “write”) by applying a positive Vzsand to turn it back on (i.e. “erase”)

with a negative I/zs. The already discussed difference between the kinetics of doping
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and de-doping implies longer times for erasing than those required for writing, allowing

a stable memory effect. In the proposed protocol (10 s “writing”, 30 s “reading”, 30 s

“erasing”, 30 s “reading”, etc.) it is possible to achieve a stable current difference

between the written and erased states as high as 360 A, in line with state of the art

devices.®” Analysis of the resistive switching behavior in Figure 5e suggests the

possibility to achieve multiple memory states (i.e. channel resistance values) by

properly tailoring writing and erasing times, thus technologically exploiting the

aforementioned kynetic anisotropy of the dedoping/doping processes to obtain a non-

binary memory element.

Artificial synapses

As already reported elsewhere, it is possible to operate liquid-gated organic electronic

devices as pseudo-two-terminal neuromorphic devices exhibiting short-term plasticity

(STP), with the connection layout depicted in Figure 5f.23:68

STP is one of the main functional features of biological synapses, consisting in the

capability of facilitating or depressing the transmission of a stimulus from the pre-
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synaptic neuron to the post-synaptic one, according to the stimulation frequency,

resulting in dynamic time-dependent spike processing.®® In these architectures, the

potential of the “pre-synaptic” terminal, Vpgg is pulsed with square waves at various

frequencies while the resulting displacement current at the “post-synaptic” terminal,

Ipost, is recorded. When the stimulation frequency is high enough, it is possible to mimic

the depressive response of synapses, resulting in a /spsrdecrease upon subsequent

spiking, due to incomplete relaxation of the double layer, as shown in Figure 5h. When

stimulation frequency is decreased, current response returns to linearity. In our

PEDOT:Nafion-based artificial synapses it is possible to achieve 10% /ppos7depression

by stimulating at 625 Hz, with a characteristic depression timescale 1= 1.0 ms £ 0.1 ms,

thus obtaining a novel organic frequency dependent switch operating in the kHz

range.’®

CONCLUSIONS

In conclusion, a facile synthetic route to obtain a water dispersed highly conductive

PEDOT:Nafion composite was described. The relevant properties of the novel
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PEDOT:Nafion have been assessed by physicochemical standard techniques and in

oNOYTULT D WN =

organic electronic device architectures. Despite there is still room for future investigations

11 aimed at increasing the conductance of pristine PEDOT:Nafion films, fast ion transport

14 and stability to delamination, even in the absence of adhesion promoters, make

18 PEDOT:Nafion a useful multifunctional material in the realm of printable organic

21 electronics. Furthermore, we believe that the incorporation of Nafion in a conductive

25 matrix like PEDOT:Nafion will be particularly promising in the field of bio-sensing. Indeed,

28 Nafion is one of the most effective ion transporter and is extremely selective towards

cations thus, we believe that the incorporation of Nafion in a conductive matrix like

35 PEDOT:Nafion will be particularly promising in the field of bio-sensing and bioelectronics

in vivo.
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