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Mixed conducting polymer electrodes built from poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) are 

attracting a great deal of interest in healthcare monitoring. However, the widespread application of this organic conductor in 

wearable devices is seriously restricted by toxic additives used to enhance its electrical conductivity. Herein, we explored a family 

of biocompatible ionic liquids (ILs), based on the cholinium cation and different carboxylated anions, as dopants and gelators for 

PEDOT:PSS to formulate safe bioelectrodes for long-term cutaneous recording. We examined the effect of the IL anion on the ionic-

electronic conductivities and physicochemical properties of these soft conductors. Among the different ILs tested, cholinium lactate 

([Ch][Lac]) afforded the greatest increase in the materials' electronic conductivity (≈30 S/cm vs. 0.2 S/cm for non-formulated 

PEDOT:PSS). Moreover, the PEDOT:PSS/IL mixtures formed gels due to supramolecular intereactions. The gels showed a rheological 

behavior associated to gels with excellent injectability properties. Finally, the performance of PEDOT:PSS/[Ch][Lac] as biocompatible 

electrodes for electrocardiogram recording is discussed. All in all, the obtained results unveil the effectiveness of cholinum-based 

ILs as non-toxic dopants of PEDOT:PSS, paving the way to explore novel bioderived electrolytes.

Introduction 

Flexible electronics is an exciting research field in seamless 

expansion, enabling new device applications for energy 

storage1,2 and bioelectronics devices,3 such as motion sensors,4 

stretchable displays,5 and electrodes for physiological 

recording6 and muscle stimulation.7 In bioelectronics, 

conducting polymer electrodes based on poly(3,4-

ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) 

have shown many advantages in cutaneous recordings, such as 

a stable conducting state and high signal to noise ratio.8–10 

However, pristine PEDOT:PSS films possess a bulk electrical 

conductivity of 0.2-0.35 S/cm, which is not satisfactory for many 

highly demanding applications.11 This low conductivity is 

frequently associated with the formation of insulating PSS outer 

layers encapsulating the conducting PEDOT cores.12 

Fortunately, the PEDOT:PSS conductivity could be improved by 

more than 1000-folds through different treatments, relying on 

thermal annealing13,14 or by adding organic cosolvents,15,16 acid 

solutions,17,18 or ionic liquids (ILs).19–21 Particularly, imidazolium-

based ILs have proved to be excellent electrical conductivity 

enhancers, while at the same time acting as plasticizers to 

endow flexible PEDOT:PSS materials.22,23 For instance, an 

outstanding enhancement of conductivity (from 0.4 to 2103 

S/cm) was reported for PEDOT:PSS treated with 1-ethyl-3-

methylimidazolium tetracyanoborate ([C2MIM][B(CN)4]) IL.24 

The fundamental behind this extraordinary conductivity 

increment is an ion exchange between PEDOT:PSS and the IL, 

helping PEDOT decouple from PSS and grow into large-scale 

conducting domains.25,26 In another recent work, a stretchable 

and highly conductive (>1000 S/cm) electroluminescent device 

was developed from PEDOT:PSS/[C2MIM][B(CN)4] mixtures.27  

Interestingly, the increase in the ionic strength by adding an IL 

can cause PEDOT:PSS dispersion to change into a solid-like gel, 

resulting from π–π stacking interactions of PEDOT.28,29 Taking 

advantage of this phenomenon,  Feig et al. prepared hydrogels 

of PEDOT:PSS and a secondary polymer network with the ionic 

liquid 4-(3-butyl-1-imidazolio)-1-butanesulfonic acid triflate, 

obtaining electrical conducitivities up to 23 S/cm and 

stretchable properties.30 Moreover, Stringer et al. used 

microreactive inkjet printing to pattern different 2D and 3D 

structures of PEDOT:PSS/[C2MIM][C2SO4] hydrogel, reaching 

electrical conductivities as high as 900 S/cm.31 

Unfortunately, imidazolium-based ILs show acute toxicity and 

poor biodegradability,32,33 turning their application in 

bioelectronics, where electrodes are in intimate contact with 

the skin, prohibitive. Therefore, biocompatibility is a key-sought 

specification for cutaneous electrodes, and novel electrolytes 

need to be urgently investigated. Recently, a natural deep 

eutectic solvent based on choline chloride and citric acid has 

been proposed as a dopant of PEDOT:PSS.34 In the same 

direction, cholinium carboxylate ILs are an attractive family of 

biocompatible and biodegradable electrolytes that have been 

proven to have low biological activity and non-potential skin 

irritation.35–37 Cholinium carboxylate ILs have already 

demonstrated an arresting performance in iongels for long-

term cutaneous electrophysiology,38–40 but the worth of these 

ILs as conductivity enhancers for PEDOT:PSS is still a matter of 

research.  

In this work, a series of cholinium carboxylate ILs, including 

cholinium acetate ([Ch][Ac]), cholinium lactate ([Ch][Lac]), 

cholinium glycolate ([Ch][Glyco]), and cholinium glycerate 

([Ch][Glyce]) are proposed as dopants of  PEDOT:PSS to 

manufacture suitable electrodes for electrocardiogram (ECG) 

recordings. We focused on the impact of the anion on the 

conducting properties, thermal stability, and morphological 

changes in the polymer film structure. Furthermore, the 

behavior of some promising systems as injectable solid-like gels 

is also discussed. 
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Experimental 

Materials 

Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PH1000, 

Heraeus CleviosTM), choline bicarbonate (C5H14NO·HCO3, 80% in 

water, Sigma-Aldrich), acetic acid (CH3CO2H, ≥99.7%, Sigma-Aldrich), 

DL-lactic acid (CH3CH(OH)COOH, ≈90%, Sigma-Aldrich), glycolic acid 

(ReagentPlus®, 99% Sigma-Aldrich), glyceric acid (Sigma-Aldrich), and 

p-toluenesulfonic acid monohydrate (ReagentPlus®, ≥98%, Sigma-

Aldrich) were used as received.  

Synthesis of cholinium-based ionic liquids 

The cholinium carboxylate ILs used in this work, named cholinium 

acetate ([Ch][Ac]), cholinium lactate ([Ch][Lac]), cholinium glycolate 

([Ch][Glyco]), cholinium glycerate ([Ch][Glyce]) and cholinium 

tosylate ([Ch][Tos]), were prepared by dropwise addition of the 

corresponding acid (1:1) to aqueous cholinium bicarbonate, as 

previously reported.41 The mixtures were stirred at room 

temperature for 12 h. The resulting products were then washed 

three times with diethyl ether to remove the unreacted acid. Finally, 

the excess water and traces of diethyl ether were removed by rotary 

evaporation. The chemical structures and purities of the ILs were 

confirmed by 1H-NMR, whose spectra can be found in Supporting 

Information (SI). The synthesized cholinium carboxylate ILs were 

dried prior to their use by stir-heating under vacuum at moderate 

temperature (≈45 °C, > 48 h). 

Preparation of PEDOT:PSS/IL composites 

PEDOT:PSS/cholinium-based IL composites were prepared by adding 

the desired ILs to PEDOT:PSS dispersion and subsequent mixing. 

Then, the prepared solutions were drop-casted and dried at 60°C 

under vacuum to obtain the corresponding films and membranes. 

Composites with PEDOT:PSS/ILs weight ratios of 90/10, 80/20, 

70/30, 60/40, 50/50, and 40/60 were prepared with each ILs. The 

weight ratio was calculated without considering the water of 

PEDOT:PSS dispersion, thus, the established weight ratios are the 

final mass ratio between PEDOT:PSS and IL mass in the dried 

composite.42 In addition, a physical gel was obtained by mixing 

PEDOT:PSS and [Ch][Lac] at a weight ratio of 60/40 and allowing the 

sample to equilibrate at room temperature until gelation occurred.  

Characterization of composites 

The electronic conductivity of the composite films was measured 

with an Ossila Four-Point Probe at room temperature. 

The ionic conductivity of the composites was measured by 

electrochemical impedance spectroscopy using a VMP-3 

potentiostat (Biologic Science Instruments). The samples were 

assembled in coin cells under an argon atmosphere between two 

stainless steel spacers. Each composite was studied in a heating and 

cooling ramp from 25 to 90°C in a frequency range of 1 MHz to 100 

mHz using a voltage amplitude of 10 mV. The reported values are the 

average between the heating and cooling measurements. The 

samples were equilibrated for 30 min before each measurement. 

The thermal stability of the composites was investigated using 

thermogravimetric analysis (TGA) performed on a TGA Q500 from TA 

Instruments. The measurements were carried out by heating the 

samples at 10 °C/min under a nitrogen atmosphere from 40 to 800 

°C. The maximum decomposition temperature (Tdmax) was 

determined as the main peak of the derivative weight loss curve.  

Fourier transform infrared (FTIR) spectra of the materials were 

recorded on a Bruker Alpha II spectrophotometer employing a 

Platinum ATR module with a diamond window. 

Atomic force microscope (AFM, Dimension ICON) was operated in 

the tapping mode using a TESP-V2 type silicon tips with a frequency 

of 320 kHz, a spring constant of 40 N/m, and a tip radius of 7nm. The 

commercially available PEDOT:PSS was spin coated as received, while 

the composites were dispersed in water at 1 mg/ml. 

The rheological characterization was carried out with an AR-G2 

rheomether (TA instruments) using a parallel plate geometry of 20 

mm diameter and a gap of 300 µm. Time sweeps were performed at 

1 Hz frequency and 1% strain for 2 hours. Frequency sweeps were 

performed from 0.01 to 10 Hz at 1% strain, and strain sweeps from 

0.01 to 1000% were carried out at 1 Hz. The self-healing and 

injectability properties of the gels were tested by alternative strain 

changes of 1 and 1000%, for 180 seconds each, at 1 Hz. The 

experiments were performed at 25 °C. 

Preparation of electrodes  

Silver nanoparticle ink (Sicrys 130EG-1) was patterned using inkjet 

printing on a 50 μm thick polyimide (Kapton) substrate chosen due 

to its high flexibility to conform to simple human skin shapes. Electric 
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tracks are insulated using a double-sided medical tape laser cut (VLS 

2.30, Universal Laser Systems) to expose the electrodes' active area 

(1.5 by 1.5 mm2). The bottom line was peeled off from the double-

sided medical graded tape and aligned with Kapton using matching 

cut patterns in both layers and an auxiliary holder to ensure proper 

positioning. This process leaves a matrix of wells that were used for 

precise PEDOT:PSS/IL deposition and insulates the electric tracks 

between the electrodes and the contacts. A mixture of PEDOT:PSS, 

[Ch][Lac], and (glycidyloxypropyl)trimethoxysilane (GOPS, 1 wt%) 

was drop-casted into the wells and left to dry overnight at room 

temperature. The device is subsequently baked to evaporate 

solvents and crosslink PEDOT:PSS mixture prior to immersion in 

deionized (DI) water. A flat cable was attached using an anisotropic 

conducting film to achieve connection to external electronics. The 

fabrication was conducted as reported in Velasco-Bosom et al.6 

Results and discussion  

PEDOT:PSS/IL composites were prepared by combining 

PEDOT:PSS with various cholinium carboxylate ILs, which 

chemical structures are illustrated in Figure 1. The PEDOT:PSS/IL 

dispersions were drop-casted and dried at a mild temperature, 

obtaining flexible, self-standing, and blue-colored films. 

 

A series of PEDOT:PSS/IL with weight ratios of 90/10, 80/20, 

70/30, 60/40, 50/50, and 40/50 were prepared for the four 

cholinium carboxylate ILs, obtaining 24 different compositions 

of mixed conducting composites. In addition, [Ch][Tos] IL was 

included in this study for comparison purposes, since tosylate 

anion has been reported to be an excellent dopant of 

PEDOT,42,43 although its biocompatibility could be questioned.  

 

Figure 2 shows the electrical conductivity of the different 

composite formulations evaluated. It is believed that ion 

exchange between PEDOT:PSS and IL components helps PEDOT 

to decouple from PSS and to grow into large-scale conducting 

domains, but the exact mechanism is still under debate.44 As 

expected, [Ch][Tos] displayed the highest conductivity 

enhancement for all the range of compositions studied, owing 

to the affinity of the tosylate anion with PEDOT, as it has the 

same sulfonate group as PSS.42 Notably, by adding 30 wt% of 

this IL to PEDOT:PSS an electronic conductivity of 450 S/cm was 

obtained, compared with ≈0.2 S/cm for the untreated 

dispersion. As for the series of cholinium carboxylate ILs, the 

best electronic conductivity values followed the order: [Ch][Lac] 

(40 wt%) > [Ch][Glyce] (30 wt%) > [Ch][Glyco] (40 wt%) > 

[Ch][Ac] (10 wt%). Although the cholinium carboxylate ILs have 

similar chemical structures, it can be observed that acetate 

anion, without hydroxyl groups is the worse dopant in terms or 

electrical conductivity, which suggests the polarity of IL is 

important to have higher affinity with PEDOT and consequently, 

increased electrical conductivity. As can be seen, formulations 

containing between 30 and 40 wt% of ILs seem to be particularly 

suitable for boosting the PEDOT:PSS conductivity. Therefore, 

we used these compositions to further investigate the ionic 

conductivity vs. temperature dependence of the most 

promising systems (Figure 3).  

 

Once again, [Ch][Tos] outperformed the ionic conductivity of 

the other cholinium carboxylate ILs in the whole temperature 

range analyzed for both 30 and 40 wt% IL compositions, as 

shown in Figures 3a and b. When comparing the ionic 

conductivities of composites with the same IL but having 30% or 

40 wt% IL, we can observed that the conductivities are in the 

same range for [Ch[[Tos] and [Ch][Lac] at the two 

concentrations, however, ionic conductivity increases in one 

order of magnitude when increasing the amount of [Ch][Glyce] 

and [Ch][Glyco] from 30% to 40%. This is probably related to the 

compatibility of the IL with PEDOT:PSS and its ability of 

solvation. Between the cholinium carboxylate ILs, superior ionic 

conductivity profile was observed with [Ch][Lac] IL in both 

compositions (3×10-6 S/cm at room temperature for 

PEDOT:PSS/[Ch][Lac]  (60/40) formulation, Figure 3b),  due to a 

good compatibility of this IIL with PEDOT:PSS, forming a highly 

interconnected network facilitating the diffusion of the ions. 
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Figure 2 Electronic conductivities of PEDOT:PSS/IL composites at different PEDOT:PSS 

concentrations.



 

 

Then, we analyzed the thermal stability of the as-prepared 

PEDOT:PSS/IL 60/40 composite films. As shown in Figures 4a 

and S2 of the SI, the mixed conducting films were highly stable, 

with temperatures at 5% of weight loss ranging from 185-250 

°C. Curiously, [Ch][Tos] showed a considerably lower 

decomposition temperature at 50% of weight loss (365 °C) 

compared with the other cholinium carboxylate ILs, which was 

around 600 °C. Among the ILs studied, [Ch][Lac] afforded the 

most thermally stable composite suggesting excellent 

compatibility with PEDOT:PSS. Indeed, FTIR analysis revealed 

that the characteristic vibrational modes of PEDOT:PSS (dashed 

gray lines in Figure 4b) at 1524 cm-1 (C=C ν), 1298 cm-1 (C-C 

skeletal vibrations), 950 cm-1 (S-O ν), 640 cm-1 (C-S ν),  

1181 cm-1 (C-O-C ν), and 1062 cm-1 (C-O ν) red-shifted after 

adding [Ch][Lac] IL, confirming strong intermolecular 

interactions between both components. Meanwhile, the main 

peaks of [Ch][Lac] IL (dashed cyan lines) were located at  

3150 cm-1 (O-H ν), 3027-2862 cm-1 (C-H ν, multiplet), 1590 cm-1 

((COO)– ν as), 1480 cm-1 ((COO)– ν sy), and 1120 cm-1 (C-N ν). 

Interestingly, the (COO)– signals of [Ch][Lac] IL are not present 

anymore in the PEDOT:PSS/ IL composite, indicating that lactate 

anion is effectively coupled to PEDOT displacing PSS.  

 

If this ion exchange occurs, then phase segregation of the 

conducting polymer is expected. Therefore, we investigated the 

morphology of the PEDOT:PSS/ILs composite films by AFM to 

gain more insights into this phenomenon. Figure 4c shows the 

AFM phase images obtained for neat PEDOT:PSS, 

PEDOT:PSS/[Ch][Lac] (60/40), and PEDOT:PSS/[Ch][Tos] (60/40) 

composites. The neat PEDOT:PSS displayed a globular 

nanostructure, probably consisting of homogeneously mixed 

PEDOT-core and PSS-shell grains, which is in agreement to what 

a) b)

c)
PEDOT:PSS [Ch][Lac] [Ch][Tos]

100 nm 100 nm 100 nm

Figure 4 a) TGA curves of PEDOT:PSS/IL composites at 60/40 compositions; b) FTIR analysis of pure PEDOT:PSS, pure [Ch][Lac] and their composite at 60/40 composition; 

c) AFM phase images of pure PEDOT:PSS, PEDOT:PSS/[Ch][Lac] 60/40 and PEDOT:PSS/[Ch][Tos] 60/40 composite films.
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Figure 3 Ionic conductivities of PEDOT:PSS/IL composites at a) 70/30 and b) 60/40 compositions.



 

 

has been previously reported.34 After adding [Ch][Lac] IL, these 

globular grains grew into large-scale domains, confirming the 

PEDOT phase separation. The incorporation of [Ch][Tos] IL led 

to similar surface morphology. These large interconnected 

regions of PEDOT correlate well with the increase in the 

electrical conductivity from 0.2 S/cm to ≈30 and 450 S/cm for 

the composites containing the [Ch][Lac] and [Ch][Tos] ILs, 

respectively.  

 

Since the good mixed ionic and electronic conductivity of 

PEDOT:PSS composites containing 40 wt% of [Ch][Tos] and 

[Ch][Lac] ILs, we investigated the rheological behavior of these 

formulations. The evolution of the elastic (G') and loss (G'') 

moduli over time after mixing 60 wt% of PEDOT:PSS with 40 

wt% of [Ch][Tos] or [Ch][Lac] ILs was firstly studied (Figure S8). 

The addition of [Ch][Lac] IL lead to an instantaneous gelation, 

with values of G’ higher than G’’ from the starting point. In the 

case of the addition of [Ch][Tos] IL, the G’’ was higher than G’ 

up to 1500 s when a crossover point of the dynamic moduli was 

observed (G’>G’’), which indicated the gelation point of 

PEDOT:PSS/[Ch][Tos] gel. The lower kinetics of gelation with 

[Ch][Tos] IL can be related to the solid nature of the material, 

that needs to be first dissolved, in order to form the gel by ionic 

interactions with PEDOT:PSS. Then, the viscoelastic properties 

of the gels at the steady state were investigated to determine 

the storage modulus G' and the loss modulus G'' (Figure 5a). 

Both gels showed elastic moduli (G') in the order of 102 Pa and 

the frequency sweeps revealed that are stable in the frequency 

range of 0.01-10 Hz. When keeping the frequency fixed and 

varying the strain (Figure 5b), the gels presented a linear 

viscoelastic regime with constant values of G’ and G’’ up to 10% 

strain, and a gel behavior up to 60% strain, when the gels are 

disrupted and became liquid, which can be interesting for the 

processing of these materials.  

 

Moreover, due to the dynamic nature of the physically 

crosslinked gels, we further explored their injectability 

properties by alternating amplitude oscillatory shear. The 

results obtained for PEDOT:PSS with 40 wt% of [Ch][Lac] and 

[Ch][Tos] ILs are shown in Figure 6. It is observed that at 1% 

strain, both materials are featured by a stable solid-like 

behavior (G'> G'') as shown previously. When a significant 

amplitude strain is applied (1000%), G' instantaneously dropped 

and became lower than G'', indicating the collapse of the 

network and becoming liquid like. When the applied strain was 

returned to 1%, the materials fully recovered its initial moduli 

values without delay, unveiling a rapid self-healing ability and a 

reversible gel-sol transition. This viscoelastic behavior is a key-

sought specification for injectable materials and uncovers the 
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potentiality of these gels for 3D printing applications by mild 

extrusion. 

Finally, as a promising composite material benefiting from 

potential biocompatibility and high mixed conductivity, 

PEDOT:PSS/[Ch][Lac] 60/40 was used to manufacture flexible 

electrodes for ECG recording. The material was dropcasted on 

the silver contacts of an inkjet printed multielectrode array to 

reduce interfacial impedance with skin.6 Typical ECG recordings 

of PEDOT:PSS/[Ch][Lac] (60/40) electrode is shown in Figure 7. 

For comparison, an ECG signal using a commercial electrode 

(DENIS10026, Spes Medica) has been recorded using an 

equivalent setup. It is possible to observe that signal amplitudes 

and noise levels are comparable in both cases. The 

characteristic waveform of the heart activity (PQRST), essential 

to establish cardiovascular disease diagnostics, is clearly 

recorded by both electrodes with high reproducibility. 

Furthermore, a remarkably stable signal baseline with low noise 

is observed, stemming from the excellent combined ionic and 

electronic conductivity of this composite electrode (≈3×10-6 and 

30 S/cm, respectively). The capacity to record high-quality ECG 

signals makes these electrodes great candidates for fabricating 

long-lasting wearable electronics. 

Conclusions 

In this article, we present for the first time the use of 

biocompatible ILs, derived from cholinium cation and 

carboxylate anions, as dopants of PEDOT:PSS conducting 

polymer. Among the different ILs evaluated, [Ch][Tos] and 

[Ch][Lac] ILs seem to have the highest affinity for PEDOT:PSS, 

leading to an enhancement in the electronic conductivity of 

three and two orders of magnitude, respectively. This 

improvement on the conducting properties is directly linked to 

the decoupling of PEDOT from PSS, followed by PEDOT phase 

segregation into large conducting domains, as demonstrated by 

AFM analysis. Moreover, rheological measurements revealed 

that PEDOT:PSS underwent fast gelation (15-50 min) only at 

defined ILs contents. Interestingly, the obtained gels showed 

rapid recovery upon large strains, disclosing the attractiveness 

of these soft materials for 3D printing applications. Ultimately, 

with inherent biocompatibility and good conducting 

performance, PEDOT:PSS/[Ch][Lac] composite proved to be 

efficient for high-quality ECG recording, obtaining smooth 

signals with negligible noise.  

Altogether, the obtained results demonstrated that cholinium 

carboxylate ILs could expand the prospect of PEDOT: PSS 

toward bioelectronics applications, where harmful 

conductivity-enhancer additives can cause tissue damage. 

Finally, this work also encourages researchers to find new 

biocompatible alternatives to cholinium carboxylate ILs as 

dopants of semiconducting polymers. 
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