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ABSTRACT. Mixed conductors having both high ionic and electronic conductivity are needed in 

membrane electrode assemblies (MEA) present in electrochemical devices from fuel cells, to 

supercapacitors and all battery chemistries. Typically, carbon black, binders and redox active 

materials are combined to make an electrode assembly into which a liquid electrolyte can 
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impregnate. Solid state devices require the ionic conduction built into the MEA. In this case, a 

material which can provide both electronic and ionic conduction as well as a redox functionality 

is described based on PEDOT-Cl as both the electronic conductor and the redox active component 

whilst an organic ionic plastic crystal [C2mpyr][FSI] is present as both binder and ionic conductor.  

Surprisingly, both the electronic and ionic conductivity of the composite are enhanced relative to 

the pure components by a factor of ×9 for electronic and ×180 for ionic. The mixed conducting 

composites are demonstrated to retain their redox activity in aqueous electrolytes, and, in the 

optimum case, 103 F g-1 and 296 mF cm-2 capacitance values are obtained for low and high mass 

loading electrodes. These materials demonstrate an innovative approach to prepare electrode 

assemblies where all three functionalities are incorporated into the materials. ie. electronic, ionic 

and redox activity for future energy devices. 

KEYWORDS: Organic mixed ionic/electronic conductors, conducting polymers, organic ionic 

plastic crystal, PEDOT, electroactive materials  

 

1. INTRODUCTION 

Mixed ionic and electronic conduction plays a key role in energy storage systems (ESS) such as 

fuel cells, batteries and supercapacitors.1 The operating mechanism of these devices involves the 

concomitant processes of ion conduction along with the electron transfer and this determines the 

efficiency of the device. For instance, electrodes for rechargeable lithium-ion batteries are 

typically built with an active material (LiCoO2, LiFePO4), and other indispensable additives such 

as a binder (polyvinylidene difluoride, PVdF) and an electron conducting material (carbon 

particles).2 Mixed ionic-electronic conductors (MIECs) are potentially ideal additives which offer 
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not only the electron conduction but at the same time ionic conductivity that makes possible the 

transport of the ions through the electrode. This could have a major influence on electrode kinetics 

in an all solid-state device. 

The origin of MIECs comes from inorganic systems widely studied and previously applied in 

membranes3 and fuel cells,4 showing  outstanding ionic conductivity and thermal stability. 

Nevertheless, the properties of π-conjugated conducting polymers, which are intrinsic MIECs,5 

such as semi-metallic electronic conductivity, reversible electrochemical activity and ease to 

manufacture, makes them highly promising materials that could act as binder as well.6 

Although the understanding of the mechanism and electronic-ionic coupling is not clear yet, 

conducting polymers have been successfully employed in a large range of applications (such as 

chemical sensors,7 ion pumps,8 transistors,9 electrochromic displays10 and energy storage 

systems.11 They have been used in energy-storage devices as a link between batteries and 

capacitors, giving more energy than pure capacitors but also being able to cycle faster than 

batteries.12 From the large variety of conducting polymer derivatives, typically based on 

polyaniline, polypyrrole and polythiophene, poly(3,4-ethylenedioxythiphene):polystyrene 

(PEDOT:PSS) has sparked much interest because of its flexibility, stability and easy processing. 

The electronic conductivity of the conjugated conducting polymers is given by the movement of 

holes and electrons through charge defects, namely polarons and bipolarons, as result of a p-doping 

mechanism. These positive charges are stabilized by counter anions (ie. PSS) often called dopants. 

The commercially available PEDOT:PSS (Clevios PH1000) is typically in an optimum weight 

ratio of  2.5:1 with a relatively poor electronic conductivity of 0.2 S cm-1 at room temperature.13 

Although PSS makes the solution processing possible, at the same time it limits the electronic 
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conductivity.14 Many studies have been published based on the enhancement of mechanical 

properties,15 electronic conductivity 16,17 or hybrid architectures.18 

As a result of the poor electronic conductivity of PEDOT:PSS, other systems have appeared with 

different counter anions including tosylate,19 bromide20 or chloride12 with higher electronic 

conductivities. At the same time, different strategies to increase the electronic conductivity have 

shown excellent results by post treatment with either alcohols,16 high boiling point solvents17 or 

acids,21 adding ionic liquids22 and creating nanolayers.23 Ionic liquids based on imidazolium cation 

showed an improvement in the electronic conductivity of PEDOT:PSS, achieving values between 

10 and 136 S cm-1 depending on the substituent of the imidazolium ring and counter-ion of the 

ionic liquid.24  Moreover, the addition of ionic liquid to polymers is well known in the field of 

polyelectrolytes where there is a huge enhancement of the ionic conductivity.25 However, the few 

publications with a study of ionic conductivity in conducting polymers26,27 are based in a range of 

relative humidity which is not desirable for ESS devices. 

Ionic liquids can also be design to be solid, known as organic ionic plastic crystals (OIPCs), by 

just judicious choice of either the anion or the cation. These OIPCs have attracted much attention 

for solid-state electrolytes because of their plasticity, low flammability  and high ionic 

conductivity.28 The compatibility of OIPCs with polymers such as polyvinylidene fluoride (PVdF) 

or polystyrene (PS) has been seen by Nti. et al.29 Moreover, our group recently developed for the 

first time composites of OIPCs with conducting polymers, demonstrating that OIPCs not only can 

act as electronic and ionic dopants but also improve the mechanical properties of these polymers 

that are commonly brittle to finally have stable materials with high both ionic and electronic 

conductivity.30   
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Among the different ways to polymerize EDOT, it is well known that vapor phase polymerization 

(VPP) leads to high electronic conductivity by creating thin layers with less defects than other 

techniques.31 Even though studies relating to depositing larger quantities of PEDOT in 3D 

structures by VPP have been reported,32 currently only limited quantity of material is possible and 

hence, oxidative chemical polymerization is widely used to obtain PEDOT. In this work, PEDOT-

Cl was synthesized by oxidative polymerization to mix with the OIPC N-ethyl-N-

methylpyrrolidinium bis(fluorosulfonyl)imide ([C2mpyr][FSI]) at different ratios. This OIPC has 

been widely studied and applied in Electrochemical Energy Storage systems (EES), as it has a 

relatively wide plastic crystalline range.33,34 The composites comprising of PEDOT-Cl and 

[C2mpyr][FSI] have been studied in terms of thermal behaviour, morphology, electronic-ionic 

conductivity and electrochemical performance. 

 

2. EXPERIMENTAL SECTION 

2.1. Synthesis of [C2mpyr][FSI] 

The organic ionic plastic crystal N-ethyl-N-methylpyrrolidinium 

bis(fluoromethanesulfonyl)imide, [C2mpyr][FSI], was synthesized by a salt metathesis reaction 

between N-ethyl-N-methylpyrrolidinium bromide, (abcr, [C2mpyr]Br), with potassium 

bis(fluoromethanesulfonyl)imide (Fluorochem, KFSI), following the previously reported 

method.35 

2.2. Synthesis of PEDOT-Cl 
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The synthesis of PEDOT-Cl was done by the oxidation polymerization of 3,4-

ethylenedioxythiophene (EDOT, Sigma Aldrich), with iron(III) chloride hexahydrate, 

(FeCl3·6H2O) in acetonitrile, as reported previously.12 

2.3. Preparation of PEDOT-Cl/[C2mpyr][FSI] composites 

The corresponding amounts of dried PEDOT-Cl and [C2mpyr][FSI] were carefully mixed with an 

agate mortar and pestle to obtain composites with PEDOT-Cl/[C2mpyr][FSI] weight ratios of 

10/90, 20/80, 30/70, 40/60 and 50/50. The mixtures were then pressed at 60 ℃ under 4 tons of 

pressure to obtain the corresponding films. The films were dried under vacuum at 60 ℃ before 

further characterization. 

 

2.4. Composite characterization 

Differential scanning calorimetry (DSC) measurements were carried out on a DSC Q2000 from 

TA Instruments in order to determine the solid-solid phase transitions and melting temperatures 

(Tm) of the composites. The samples were first cooled to -80 ºC, then heated to 210 ℃ and cooled 

again to 25 ℃ at 10 ℃ min-1.  

Thermal stability of the composites was investigated with a thermo-gravimetric analysis (TGA) 

performed on a TGA Q500 from TA Instruments. Measurements were carried out by heating the 

samples at 10 °C min-1 under nitrogen atmosphere from 40 °C to 800 °C.  
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Fourier Transform Infrared Spectroscopy measurements (FTIR) were conducted on a Nicolet 

Magna 6700 spectrometer. The samples were mixed with KBr and pressed at room temperature 

under 10 tons to obtain pellets. 

Morphology of the samples was studied by Scanning electron microscope (SEM) analysis using a 

JEOL JSM-6490LV at 15kV and sputter-coated with gold (Alto 1000, Gatan Inc.). The composite 

films were cut in circular shapes and stuck onto an aluminum holder with the help of double side 

carbon tape. The holder was inserted in a vacuum chamber overnight in order to homogenize the 

pressure. After that, sputter-coated was performed during 60 seconds. Finally, the holder was 

inserted in the SEM chamber and evaluated in a point by point scanning mode. 

The ionic conductivity of the composites was measured by electrochemical impedance 

spectroscopy using a VMP-3 potentiostat (Biologic Science Instruments). The samples were 

placed between two stainless steel discs and sealed in a coin cell under argon atmosphere. A 

frequency range of 1 MHz to 100 mHz was studied using a voltage amplitude of 10 mV. The 

sample was heated from 25 ℃ to 90 ℃ and measurements were performed every 10 ℃. Then, 

measurements were repeated cooling the samples from 90 ℃ to 25 ℃. The reported values are the 

average between the heating and cooling measurements. The samples were equilibrated for 30 

minutes before each measurement.  

The activation energies (Ea) were extracted from the linear regression of the Arrhenius plots, 

taking into account the Arrhenius equation: 

𝜎𝜎 = 𝜎𝜎0 exp(−𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇

)              (1) 
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where σ0 is the dc conductivity of pre-exponential factor, T the absolute temperature, Ea the 

activation energy and kB the Boltzmann constant. 

The electronic conductivity of the composite films was measured with a FPP 5000 four point probe 

(Miller Design & Equipment, INC) at room temperature. 

2.5. Electrochemical characterization 

Cyclic voltammetry was performed in a three-electrode set up, with platinum wire as counter 

electrode and Ag/AgCl as reference electrode using a VMP-3 potentiostat (Biologic Science 

Instruments). The composite mixtures were dispersed in methanol (0.1g/mL) and drop-casted (3-

5 µL) into a platinum electrode. The obtained electrodes were dried first at room temperature and 

under vacuum at 60℃ for 30 min before the measurement. A 0.1 M KFSI aqueous solution was 

used as electrolyte, which was purged with nitrogen for 15 min before the experiment. Cyclic 

voltammetry was carried out in the potential range of -1 V to 1 V vs. Ag/AgCl at different scan 

rates. 

The cycling stability of the optimal composite 40/60 PEDOT-Cl/[C2mpyr][FSI] was studied in a 

three-electrode setup by galvanostatic charge-discharge (GCD) at 1 A g-1 in a voltage window of 

0 - 0.8 V during 1000 cycles. The material was drop casted on carbon paper to finally obtain two 

electrodes with different mass loadings of composite, 4.8 and 9.4 mg cm-2, named low and high 

loading electrodes respectively. Both the rate and the gravimetric capacitance were calculated 

respect to the mass of the redox active component of the composite (PEDOT). The capacitance of 

the not covered carbon paper was calculated and estimated negligible versus the capacitance given 

by PEDOT. 
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3. RESULTS AND DISCUSSION 

3.1. Preparation of composite materials 

The composites were prepared by solid mixing the corresponding amounts of PEDOT-Cl polymer 

and [C2mpyr][FSI] plastic crystal to obtain composites with PEDOT-Cl/[C2mpyr][FSI] weight 

ratios of 10/90, 20/80, 30/70, 40/60 and 50/50 (Figure 1). The mixtures were then pressed at 60 ℃ 

under 4 tons of pressure to obtain the corresponding films. 

 

Figure 1. Schematic representation of composite films with PEDOT:Cl-rich (blue) and 

[C2mpyr][FSI]-rich (yellow) phases and their chemical structure. 

3.2. Characterization of the composites 

Differential scanning calorimetry (DSC) measurements were performed to analyse the thermal 

properties of the composites with different amounts of PEDOT polymer and plastic crystal. As can 

be observed in Figure 2, the neat [C2mpyr][FSI] plastic crystal presents two solid-solid phase 
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transitions at -67 ℃ and -22 ℃ and a melting behaviour at 202 ℃, as previously reported.36 The 

highest temperature phase is named phase I, while the following lower temperature phases are 

phase II and III.36 

PEDOT-Cl/[C2mpyr][FSI] composites present the three transitions, except for the 50/50 composite 

where the solid-solid transitions have disappeared, indicating a disordered behaviour. It can be 

observed that the incorporation of PEDOT to the OIPC matrix results in the clear decrease of the 

melting temperature from 202 ℃ (for pure OIPC) to 61℃ (for 40/60 composite), together with the 

entropy decrease of solid-solid transitions. Similar changes has been observed by other authors in 

PVdF/OIPC29,37 and PVdF/IL38 composites suggesting the existence of certain interaction between 

polymer and salt. When PEDOT is introduced in the OIPC matrix, an interphase is created between 

the PEDOT particles and the plastic crystal, which induces disorder in the OIPC matrix, thereby 

decreasing the entropy value of solid-solid transitions. This disorder results from motions (such as 

side-chain movements, rotation or translation) of the OIPC cations or anions, which lead to the 

plastic behaviour.39 At 50/50 composition, the interphases created are higher and the OIPC is not 

able to create ordered domains, resulting in an amorphous material and thus, no solid-solid state 

transition is observed in the DSC curve.  

Figure S1 shows the TGA curves of [C2mpyr][FSI] and the composites. The degradation of neat 

OIPC occurs around 330 ℃ in one single step, while the composites show various degradation 

steps. At low PEDOT content (10/90 composite) a small initial degradation is observed at 290 ℃ 

related to the PEDOT chains and a second main degradation at 365 ℃ corresponding to the OIPC. 

At intermediate compositions (20/80, 30/70, 40/60 composites) a new degradation step is observed 

at 230 ℃ together with the 209 ℃ and 360 ℃ steps. This new step at lower temperatures can be 

related to the interphase domains between the OIPC and PEDOT. Finally, at high PEDOT content 



 11 

(50/50 composite) two degradation steps are observed, the main one at 310 ℃ and the second as a 

shoulder at 360 ℃, related to the PEDOT and OIPC degradations. All the composites present high 

thermal stability, 270, 257, 227, 223, 250 ℃ where 5 wt.% of the mass is being lost. 

 

 

Figure 2. DSC heating traces (first heating scan) of neat [C2mpyr][FSI] (black) and different 

PEDOT-Cl/[C2mpyr][FSI] composites as shown in the figure legends. 

Infrared spectroscopy was employed to perform the structural characterization of the composites. 

Figure S2 shows the FTIR spectra of 50/50 composite and the pure components PEDOT-Cl and 

[C2mpyr][FSI]. The neat [C2mpyr][FSI] presents peaks at 1465, 1096, 1031, 997, 936 cm-1 

corresponding to the C2mpyr cation, while the peaks at 1376, 1359, 1216, 1165, 822 and 719 cm-

1 are attributed to the FSI anion.40 It can be observed that the main peaks of the composite are 

related to the plastic crystal. Major differences can be observed in the peaks attributed to the FSI 

anion (1376, 1165, 719 cm-1) which are shifted to higher wavenumbers in the composite and also 

the peak at 1376 cm-1 has increased its intensity. These changes in the FSI vibration bands suggest 

the presence of ion interactions between charged PEDOT and the FSI anions in the plastic crystal.41 
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The morphology of the composites was studied by Scanning Electron Microscopy (SEM). In order 

to compare, we selected the composites with the composition of 20/80 and 40/60. As can be 

observed in Figure 3 and Figure S3, the film of 20/80 composite presents a heterogeneous surface, 

while 40/60 composite is a homogeneous film. We can observe in 20/80 composite that PEDOT 

particles are distributed unevenly in the OIPC matrix, therefore, some parts are richer in OIPC, 

while others are agglomerates of PEDOT. In contrast, 40/60 sample, presents a homogeneous 

surface, where PEDOT particles are surrounded by the plastic crystal.  

 

Figure 3. SEM images of (a) 20/80 and (b) 40/60 PEDOT-Cl/[C2mpyr][FSI] composites. 

 

3.3. Ionic and electronic conductivities of the composites 

The transport properties of the composites were analysed measuring the ionic conductivity by 

electrochemical impedance spectroscopy (EIS) and the electronic conductivity by four-point-

probe method. During the EIS measurements the typical closed semicircle for MIECs was 

observed and the electronic resistance was taken as negligible versus the ionic resistance as others 

authors have suggested.42 Figure 4a shows the ionic conductivities of neat [C2mpyr][FSI] and 
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PEDOT-Cl/[C2mpyr][FSI] composites at various temperatures. It can be observed that the ionic 

conductivity increases with the increment of PEDOT content in the composite, obtaining the best 

conductivity values for 40/60 and 50/50 composites, 2.3·10-4 and 3.0·10-4 S cm-1 at 25 ℃, 

respectively. This is in good agreement with the DSC results, where the increase of PEDOT 

content resulted in a decrease of crystalline phases and thus, higher ionic conductivity. However, 

the 10/90 composite doesn’t follow this trend and its ionic conductivity is below the neat 

[C2mpyr][FSI]. This behaviour is not currently understood, however, here we focus on the higher 

OIPC containing MIECs. It can be also observed that with higher PEDOT content, the conductivity 

is less dependent on temperature, thus, having a low activation energy (1.65 kJ mol-1 for 40/60 

composite, Figure 4b and Figure S4). Figure 4b shows the ionic and electronic conductivities at 

room temperature at different PEDOT-Cl concentrations in the composites. As expected, the 

electronic conductivity increases with PEDOT content, as there are more electronically conductive 

PEDOT particles in the composite. At low concentrations these particles are likely sparsely 

distributed and well separated from each other (i.e. they do not touch), as was observed in the SEM 

images of 20/80 composite (Figure 3a). However, when the concentration increases the PEDOT 

particles start to be connected, having longer electronic pathways and thus, higher electronic 

conductivity. It is worth mentioning that the electronic conductivity of neat PEDOT-Cl was 2.1 S 

cm-1, which is in the range of values of PEDOT-Cl synthesized by oxidative polymerization,43,44 

while the optimum value (17.7 S cm-1) is obtained at 40/60 concentration with a slow decrease in 

50/50 composite (14.6 S cm-1). This decrease could be related to the amorphous behaviour of the 

composite observed in the DSC, as it has been proven that crystalline domains in PEDOT provide 

higher electrical conductivity.45,46 Thus, the crystalline phases of the plastic crystal might induce 

alignment of PEDOT films, improving the electronic conductivity of neat PEDOT-Cl. It can be 
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also observed that the ionic conductivity at room temperature increases with PEDOT content, due 

to the disorder created by PEDOT particles in the plastic crystal, and stabilizing after 40/60 

composition. Therefore, we can conclude that the highest ionic and electronic conductivities were 

obtained with 40/60 composite, where the crystal nature of the OIPC is still preserved. 

 

Figure 4. (a) Ionic conductivity as function of temperature of neat [C2mpyr][FSI] (black) and 

different PEDOT-Cl/[C2mpyr][FSI] composites as shown in the figure legends, (b) Ionic (black) 

and electronic (green) conductivities at 25 ºC as function of PEDOT-Cl concentration in the 

composites. 

3.4. Electrochemical properties of the composites 

The electrochemical properties of the composites were evaluated by cyclic voltammetry (CV) 

using a three-electrode cell in 0.1 M KFSI aqueous electrolyte to establish the activity of the 

PEDOT in this composite. Aqueous electrolyte was chosen to study the electrochemistry because 

[C2mpyr][FSI] is not soluble in water and thus, the integrity of the electrode was preserved. The 

working electrode was coated with the composite films, without the need of additional binder. 

Figure 5a shows the CV curves of 40/60 PEDOT-Cl/[C2mpyr][FSI] composite at different scan 
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rates. We can observe broad anodic and cathodic peaks which are typical of PEDOT materials.47 

Figure S5 shows that anodic and cathodic currents are proportional to the scan rate, indicating that 

the redox process is not limited by diffusion, demonstrating that the entire film is involved in the 

redox reaction.48 Comparing the cyclic voltammograms of the different composites and neat 

PEDOT (Figure 5b), it can be observed that the current density increases with the amount of 

PEDOT in the composite, as expected, due to its electroactivity.  However, we can observe that 

the maximum oxidation current is obtained with the 40/60 composite, being very similar to neat 

PEDOT, which can be attributed also to the higher electronic conductivity of this composite, as 

shown before. 

 

Figure 5. (a) Cyclic voltammetry of PEDOT-Cl/[C2mpyr][FSI] 40/60 composite at different 

scan rates, as shown in the figure legends. (b) Comparison of cyclic voltammetries of neat PEDOT-

Cl and different PEDOT-Cl/[C2mpyr][FSI] composites, as shown in the figure legends, at a scan 

rate of 25 mV s-1 and 0.1 M KFSI aqueous electrolyte. 

The cycling stability of the optimal composite 40/60 PEDOT-Cl/[C2mpyr][FSI] was studied by 

galvanostatic charge-discharge at 1 A g-1. The highest gravimetric capacitance was obtained with 

the low loading electrode as expected, which showed 103 F g-1 capacitance in the 5th cycle and a 
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retention of 79 % after 1000 cycles, as can be observed in Fig. S7. This capacitance value is higher 

than previously reported PEDOT-Cl work12 which showed 92.8 F g-1 in a three electrode setup 

with significantly lower mass loading, as can be seen in Table 1. 

Table 1. Specific capacitances and experiment conditions of this system compared with other 

similar PEDOT works. 

Electrode  
Mass 

Loading 
(mg cm-2) 

Test 
Condition 

Gravimetric 
Capacitance 

(F g-1) 

Areal 
Capacitance 
(mF cm-2) 

This work 
PEDOT-OIPC / 
Carbon paper 

0.1 M KFSI 

4.8 1 A g-1 
1.92 mA cm-2 103 198 

9.4 1 A g-1 
3.76 mA cm-2 79 296 

PEDOT / 
Carbon paper12 emim dca 1.8 1 A g-1 

1.8 mA cm-2 92.8 170 

PEDOT / 
Carbon paper49 

BMIBF4/ 
PVdF-HFP 1  1 A g-1 

1 mA cm-2 154.5 85 

PEDOT / 
Cellulose 
paper50 

PVA – 
H2SO4 1 0.4 A g-1 

0.4 cm-2 115 115 

Emim dca: 1-ethyl-3-methylimidazolium dicyanamide, BMIBF4: 1-butyl-3-methylimidazolium 
tetrafluoroborate, PVDF-HFP: poly(vinylidene fluoride hexafluoropropylene). 
 
Overall, low loading electrodes are more likely to provide higher specific capacitances per mass, 

as ions and electrons can be easily transferred in really thin electrodes. However, high mass loading 

electrodes are necessary for practical applications to increase the energy density of the system, 

becoming the areal capacitance a key parameter to consider. For this reason, we tested a high 

loading 40/60 PEDOT-Cl/[C2mpyr][FSI] electrode, which showed an areal capacitance of 296 mF 

cm-2 in the 5th cycle and a capacitance retention of 87 % after 1000 cycles, with coulombic 

efficiencies close to 100 %, as can be observed in Fig. 6. Despite showing an iR drop of 150 mV, 

40/60 PEDOT-Cl/[C2mpyr][FSI] electrode showed stable cycling stability, with a sloppy voltage 
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profile typical for PEDOT based materials, which maintains almost the same after 1000 cycles. 

The high areal capacitance obtained demonstrates the effective coupling of ionic-electronic 

transport in the composite, which is essential to achieve high energy density materials. 

 

Figure 6. a) Specific capacitance, coulombic efficiency and b) charge-discharge profiles of the 

high loading 40/60 PEDOT-Cl/[C2mpyr][FSI] electrode at 1 A g-1. The temperature of the system 

was kept constant at 30 ℃. 

4. CONCLUSION 

In this work, synthesis and characterization of a mixed ionic and electronic conducting material 

with redox activity was carried out by mixing a conducting polymer (PEDOT-Cl) and the OIPC 

[C2mpyr][FSI]. The conducting polymer PEDOT-Cl was synthesized by oxidative polymerization 

obtaining an electronic conductivity of 2.1 S cm-1, which is in the range of pristine PEDOT:PSS 

(0.1-1 S cm-1)51 and an ionic conductivity of around 2·10-6 S cm-1 at room temperature. 

The addition of OIPC to a conducting polymer has been studied providing promising results with 

an enhancement of ×9 for electronic conductivity (17.7 S cm-1) and ×180 for ionic in the 40/60 
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PEDOT-Cl/[C2mpyr][FSI] composite. Surprisingly, ionic conductivity values of around 10-4 S cm-

1 at room temperature were obtained,  which might be due to the formation of highly conducting 

pathways through the interphase of PEDOT-Cl and [C2mpyr][FSI] as has been suggested for 

OIPC/PVdF composites.29,37 It is important to note that, these ionic conductivity values are really 

close to the desirable range of solid electrolytes (~10-3 S cm-1) in the field of energy storage 

systems.52 Furthermore, the activation energy for conduction in these composites was very low as 

observed in the Arrhenius representation of ionic conductivity versus inverse temperature (Figure 

S3). This is an interesting observation that needs further investigation to understand the change in 

conduction mechanism in these composites compared to the pure OIPCs. 

Redox activity was observed in all the composites, even showing an improvement in the case of 

40/60 PEDOT-Cl/[C2mpyr][FSI] with respect to the neat PEDOT-Cl; likely due to the increased 

electronic conductivity. High mass loading 40/60 PEDOT-Cl/[C2mpyr][FSI] electrodes showed 

high capacitance values of 296 mF cm-2 and retained 87 % of capacitance after 1000 cycles.  Hence 

we demonstrate that the OIPC [C2mpyr][FSI] has an interesting synergistic effect in the composite 

material with PEDOT-Cl, not only in the electronic and ionic conductivity but also in the redox 

activity and capacitance values. This opens up the possibility of designing MIEC from composites 

based on conducting polymers and OIPCs as ideal candidates for future electrochemical devices. 

There is much scope for designing these materials with different redox polymers and counterions 

other than Cl- as well as different OIPCs targeted to specific applications. 
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MEA, membrane electrode assemblies; PVdF, polyvinylidene fluoride; MIECs, mixed ionic-

electronic conductors; PEDOT:PSS, poly(3,4-ethylenedioxythiphene):polystyrene; OIPC, organic 

ionic plastic crystal; VPP, vapor phase polymerization; EDOT, 3,4-ethylenedioxythiophene; 

[C2mpyr][FSI], N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide; PEDOT-Cl, poly(3,4-

ethylenedioxythiphene) chloride. 
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