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Abstract. The influence of the preparation method in the properties of poly(3,4-

ethylenedioxythiophene) (PEDOT) electrodes used to manufacture organic energy 

storage devices, as for example supercapacitors, have been examined by considering a 

reduction of both monomer and supporting electrolyte concentrations during the anodic 

polymerization reaction. Thus, the excellent electrochemical properties of PEDOT films 

prepared using quiescent solutions have been preserved by applying controlled agitation 

to the polymerization process, even though the concentration of monomer and 

supporting electrolyte were reduced 5 and 2 times, respectively. For example, the 

charge stored for reversible exchange in a redox process, the electrochemical stability 

and the current productivity of films achieved using quiescent solutions have been 

preserved using a dynamic reaction medium in which the concentrations of monomer 

and supporting electrolyte are several times lower. The excellent properties of PEDOT 

electrodes prepared using optimized dynamic conditions have also been proved by 

constructing a symmetric supercapacitor. This energy storage device, which has been 

used as power source for a LED bulb, is rechargeable and exhibits higher charge-

discharge capacities than supercapacitors prepared with electrodes derived from 

quiescent solutions. In addition of bring an efficacious procedure for preparing cost-

effective PEDOT films with excellent properties, the proposed dynamic conditions 

reduce the environmental hazards of depleted reaction media.  
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INTRODUCTION 

Nowadays, with the increasing use of portable electronic devices, electric vehicles 

and other electronic products, research has been focused on energy storage. Within this 

context, supercapacitors based on Faradaic electron-transfer processes are considered a 

promising kind of energy storage devices owing to their high power capability and long 

cycle life [1,2]. Thus, many recent efforts have been oriented to improve the 

performance of supercapacitors from materials and devices perspectives [3-5]. 

Electroactive conducting polymers (ECPs) are typical examples of supercapacitor 

materials because they can be readily charged and discharged by converting between 

different redox states [6]. This conversion process is associated with the dopant ions 

diffusion into / out of the ECP matrix to keep the electroneutrality. Thus, in order to 

achieve high power at high charge/discharge rate, the fast conversion rate of the redox 

states, which is governed by dopant ion diffusion, has to be preserved.  

Among commercially available ECPs, poly(3,4-ethylenedioxythiophene) (PEDOT) 

is the most important due to its high electrical conductivity (even higher than 5·10
3
 

S/cm), good transparency, excellent electrochemical and thermal stabilities, fast doping-

dedoping processes and biocompatibility [7-14]. PEDOT can be synthesized by 

electrochemical polymerization using an active supporting electrolyte or by oxidative 

chemical polymerization to obtain aqueous dispersions stabilized by a water-soluble 

poly(styrene sulfonate) [15-17].
 
In last years, PEDOT and its derivatives have been 

widely applied in the energy field, as for example to fabricate the cathode and anode in 

all-organic supercapacitors [18,19], electrochemical microactuators [20], and catalysts 

for polymer electrolyte fuel cells [21,22]. Furthermore, in a very recent study, solid-

state organic electrochemical supercapacitors have been fabricated combining PEDOT 
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electrodes, a biohydrogel as electrolyte system, and polyaniline fibers as redox additive 

[23]. 

On the other hand, we recently examined the effects of controlled dynamical 

conditions (i.e. stirring the generation solution with a magnetic bar) in the anodic 

polymerization process and in the properties of PEDOT [24]. For this purpose, PEDOT 

films were prepared in presence and absence of solution agitation (i.e. stirred and 

quiescent solutions, respectively) using a minimal concentration of monomer. Thus, the 

increase in the transport rate produced by controlled agitation, which accelerates the 

electropolymerization, allowed us to optimize the yielding by reducing significantly the 

concentration of monomer in the generation medium. It should be remarked that until 

such study the information reported in the literature about the influence of dynamical 

stirring in the polymerization and properties of ECPs was very scarce [25-27]. This was 

an amazing feature since we found that controlled agitation improves significantly the 

flow of monomer at the electrode surface and affects the organization of polymer chains 

in the resulting films [24]. More specifically, our results indicated that the increase in 

transport rate of reactants slightly favors the generation of more polymer weight at 

equal charge consumed. Consequently, the thickness of the materials prepared under 

stirring increases considerably with respect to those obtained from quiescent solutions. 

Moreover, the porosity of PEDOT films also increases upon agitation, facilitating the 

dopant ions diffusion into / out of the ECP matrix upon reduction and oxidation 

processes. 

In this work we go a step further improving the preparation methods of PEDOT 

electrodes for organic supercapacitors and batteries by considering, besides a decrease 

in the concentration of monomer, a reduction of the concentration of supporting 

electrolyte during the anodic polymerization reaction. For this purpose, we will 
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investigate the electrochemical and topographic properties of electrodes derived from 

stirred and quiescent solutions with different supporting electrolyte concentrations. 

Furthermore, the impact of this modification in the performance of organic 

supercapacitors has been also evaluated. Results provide not only an effective procedure 

for preparing PEDOT electrodes for energy applications, reducing considerably their 

cost by minimizing the concentration of both monomer and electrolyte without any 

detriment in the capabilities of the energy storage devices, but also to reduce the 

environmental hazards of depleted reaction media.  

 

EXPERIMENTAL 

Anodic polymerization. PEDOT films were prepared by chronoamperometry (CA) 

under a constant potential of 1.40 V [16] with a PGSTAT101 AUTOLAB potentiostat-

galvanostat connected to a PC computer and controlled through the NOVA 1.6 

software. All electrochemical experiments were conducted in a three electrode one-

compartment cell under nitrogen atmosphere (99.995% in purity) at room temperature. 

The cell was filled with 50 mL of an acetonitrile solution of the corresponding 

monomer and LiClO4 as supporting electrolyte. The polymerization time was 100 or 

300 s in all cases. 

The working and counter electrodes consisted of steel AISI 316 sheets of area 11 

cm
2
. In order to avoid interferences during the electrochemical analyses, the working 

and counter electrodes were cleaned with acetone and dried in an air-flow before each 

trial. The reference electrode was an AgAgCl electrode containing a KCl saturated 

aqueous solution (E
0
 = 0.222 V vs. standard hydrogen electrode at 25°C). All the 

potentials reported in this work are referred to the latter electrode. 
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PEDOT films were prepared in presence and absence of solution agitation, hereafter 

denoted as dynamic and static conditions, respectively. A magnetic bar and a stirrer 

SBS were used for the dynamical conditions. The rotation speed was fixed at 400 rpm, 

which was found to provide the most stable and highest value of the current density 

[24]. 

The electrochemical activity and stability (electroactivity and electrostability, 

respectively) of the prepared PEDOT films were determined by cyclic voltammetry 

(CV). The initial and final potential was -0.50 V, whereas the reversal potential was 

1.60 V. All measurements were performed at room temperature using a scan rate of 100 

mV/s. The electroactivity, which refers to the charge storage ability, was defined as the 

maximum voltammetric stored charge per surface unit (Q, in C/cm
2
) in the second 

oxidation-reduction cycle. The electrostability was evaluated as the variation of Q with 

consecutive oxidation-reduction cycles.  

Atomic force microscopy (AFM). Topographic AFM images were obtained with a 

Dimension 3100 Nanoman AFM and Multimode from Veeco using a Nanoscope IV 

controller under ambient conditions in tapping mode. AFM measurements were 

performed on various parts of the films, which produced reproducible images similar to 

those displayed in this work. The root-mean-square roughness (Rq), arithmetic average 

roughness (Ra) and the maximum roughness value (Rmax) were determined using the 

statistics application and tools of the NanoScope Analysis software version 1.20 

(Bruker). The scan window sizes were 5  5 µm
2
.  

 

RESULTS AND DISCUSSION 

Influence of the supporting electrolyte concentration using quiescent solutions 
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Figure 1 represents the electroactivity and electrostability of PEDOT films prepared 

under static conditions considering different monomer (10 and 2 mM EDOT) and 

supporting electrolyte (50, 100 and 200 mM LiClO4) concentrations. As it can be seen, 

the ability to store charge of films derived from quiescent solutions clearly increases 

with the monomer concentration, even though for each EDOT concentration both the 

role exerted by the supporting electrolyte concentration is also relevant. For films 

produced using 10 mM EDOT, the electroactivity and electrostability were very similar 

for 100 and 200 mM LiClO4, decreasing around 30% for 50 mM LiClO4. In contrast, 

both electrochemical properties decrease with increasing LiClO4 concentration for ECP 

films obtained using 2 mM EDOT (Figure 1 inset).  

These results clearly indicate that the electrochemical properties of ECP films 

obtained in absence of stirring depend on the concentrations of supporting electrolyte 

and, specially, of monomer in the generation medium. Regarding to the supporting 

electrolyte, electrochemical properties do not improve after surpass a given threshold 

concentration (optimum value). Indeed, such properties become even worse for the case 

with the lowest monomer concentration, which is the most appropriated when dynamic 

conditions are used (see below).  

 

Influence of the supporting electrolyte concentration using dynamic conditions 

Figure 2a displays the electroactivity and electrostability of PEDOT films obtained 

using dynamic conditions and a polymerization time of 100 s. The concentration of 

monomer in the reaction medium was 2 mM in all cases, which was identified as the 

optimum value in our previous study [24], while the following LiClO4 concentrations 

were considered: 100, 50 and 20 mM. As it can be seen, the electroactivity increases 

with the concentration of supporting electrolyte, even though the charged stored in 
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PEDOT films prepared using 100 and 50 mM LiClO4 is relatively similar (i.e. 46 and 34 

mC/cm
2
, respectively). On the other hand, the loss of electroactivity is similar (i.e. 

30% after 25 redox cycles) for all PEDOT films prepared using dynamic conditions, 

independently of the electrolyte concentration.  

The electrochemical properties of the films obtained using dynamic conditions are 

very similar, or even better, than those obtained using static conditions and a higher 

concentration of monomer and/or supporting electrolyte (Figure 2a). The most striking 

example refers to films prepared using a 2mM EDOT concentration: those derived from 

50 mM LiClO4 quiescent solutions are 30% and 65% less electroactive than films 

obtained using 20 and 50 mM LiClO4 stirred solutions, respectively. 

In order to further improve the electrochemical properties of PEDOT films prepared 

using dynamic conditions, the polymerization time was enlarged from 100 to 300 s to 

increase their thickness. Electroactivity and electrostability results, which have been 

extended to 100 redox cycles, are summarized Figure 2b. Comparison with results 

displayed in Figure 2a indicates that charge stored by PEDOT films prepared using 

dynamic conditions and 2 mM EDOT concentrations increased significantly with the 

polymerization time for both 20 and 50 mM LiClO4 concentrations. More specifically, 

the electroactivity increment is 180% for both electrolyte concentrations. In contrast, the 

electroactivity of PEDOT films using static conditions increases 80% only when the 

polymerization time is enlarged from 100 and 300 s. Indeed, the electroactivity of 

PEDOT is significantly higher for films prepared under dynamic conditions than under 

static ones (Figure 2b). In terms of electrostability the benefit is apparently lower, even 

though after 100 redox cycles the electroactivity of PEDOT is 180% and 520% higher 

for films derived from stirred solutions than from quiescent solutions for 20 and 50 mM 

LiClO4 concentrations, respectively.   
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Current productivity 

The influence of the concentration of electrolyte on the kinetics for the oxidation-

polymerization of EDOT was studied by generating films under fixed experimental 

conditions (i.e. constant potential of 1.40 V, 2 mM monomer concentration, 50 or 20 

mM LiClO4, and stirred or quiescent solutions) and considering different 

polymerization times. Graphical representation of the film weight (Wox), which was 

reproducible for polymerization times lower than 500 s, against the charge (Qpol) 

consumed in the polymerization process, which was derived from the registered 

chronoamperograms, is displayed in Figure 3. Linear correlations were obtained for all 

dynamic and static conditions (i.e. R
2
 comprised between 0.9553 and 0.9940), reflecting 

that these are Faradaic processes. However, this consistency is more pronounced for 

films prepared under dynamic conditions, as prove the fact that R
2
 > 0.97 for both 

LiClO4 concentrations.  

The slope of the adjusted equation, Qpol= a·Wox, corresponds to the current 

productivity, which is expressed as milligrams of PEDOT electrogenerated per 

Coulomb (C) of charge consumed during the anodic polymerization. It is worth noting 

that, for the two LiClO4 concentrations, the current productivity is higher for films 

derived from stirred solutions than from quiescent ones. That difference is higher than 

20% for films prepared using 50 mM LiClO4. Moreover, for the two dynamic 

conditions displayed in Figure 3, the mass–charge ratio is close to the standard value of 

0.8 mg/C obtained using 10 mM EDOT and 100 mM LiClO4 [16]. 

 

Surface topography 
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Representative 3D topographic AFM images of PEDOT films prepared using 2 mM 

EDOT, a polymerization time of 100 s and different concentrations of LiClO4 (20, 50 

and 100 mM) under both dynamic and static conditions, are displayed in Figure 4.  

The surface topography of films prepared using dynamic conditions exhibit rounded 

and relatively high peaks, independently of the LiClO4 concentration. The latter 

essentially affects to the abundance and height of the peaks, as is clearly reflected by the 

Rq, Ra and Rmax values listed in Table 1. More specifically, the surfaces of films 

obtained using the two lower concentrations of supporting electrolyte are dominated by 

deep valleys, which separate rounded peaks grouped in small clusters. When the 

concentration of LiClO4 increases from 20 to 50 mM, the depth of the valley decreases, 

which explains the reduction of the roughness. Thus, the enlargement of electrolyte 

concentration induces the incorporation of EDOT monomers to shorter polymer chains, 

leveling the surface of the film. However, this effect is moderate, as is shown by the fact 

that the different values of roughness decreases by only 10-20%. The influence of the 

supporting electrolyte is slightly more pronounced when its concentration increases 

from 50 to 100 mM since the height of the peaks and, specially, the size of the clusters 

increases considerably. Consequently, Rmax increases 47% while the increment of both 

Rq and Ra is around 30%. In this case the addition of electrolyte induces the elimination 

of some valleys giving place to apparition of new rounded and very high peaks.  

In spite of the discussed differences, it should be remarked that the three films 

obtained using dynamic conditions exhibit similar topographical trends. This has been 

attributed to the fact that the diffusion of electrolyte ions is considerable enhanced by 

the agitation and, therefore, the concentration of perchlorate ions at the polymer / 

medium interphase is in all cases significantly higher than expected for the 

corresponding quiescent solutions (see below). Consequently, the impact of the 
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concentration of supporting electrolyte on the surface topography is moderate when 

polymer films are obtained under dynamic conditions.  

In opposition, topographic features of films derived from quiescent solutions greatly 

depend on the LiClO4 concentration (Figure 4). In films derived from the lowest 

supporting electrolyte concentration (20 mM), polymer chains tend to organize forming 

a dense distribution of relatively sharp, narrow and low peaks. Consequently, measured 

roughness values are 65% lower than those of films obtained using stirred solutions 

with the same LiClO4 concentration. Although the width and height of the clustered 

peaks in films from quiescent solutions increases with the LiClO4 concentration, which 

is due the grouping of the sharp and narrow peaks observed for 20 mM LiClO4, these 

parameters as well as their abundance are considerably lower than those observed for 

films obtained using dynamic conditions. More specifically, the size and abundance of 

valleys increases and decreases, respectively, with increasing concentration of 

electrolyte, while the height and size of the clusters decreases and increases, 

respectively. Consequently, the structure becomes less uneven and more closed with 

increasing LiClO4 concentration. These topographies is less favorable to the exchange 

of ions between the polymeric matrix and the medium during redox processes than the 

ones observed for films obtained using dynamic conditions.  

 

Comparison of all-PEDOT supercapacitors prepared using static and dynamic 

conditions  

On the basis of the above discussed results, symmetric supercapacitors were 

fabricated by combining an oxidized PEDOT electrode (anode) with a reduced PEDOT 

electrode (cathode). PEDOT electrodes were prepared using stirred acetonitrile solution 

with 2 mM EDOT and 50 mM LiClO4 and quiescent solution with 10 mM EDOT and 
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100 mM LiClO4. Oxidized and reduced PEDOT electrodes were obtained by applying a 

current of +1.0 mA during 280 s (doping process) and a current of -1.0 mA during 190 s 

(dedoping process), respectively. The half-reactions upon discharge of supercapacitors 

fabricated using PEDOT electrodes derived from dynamic and static conditions, 

hereafter denoted SC/D and SC/S, respectively, are: 

Anode:   
  4

0
4 ClO  PEDOTeClO PEDOT xxx

x )(  

Cathode:   
  eClO PEDOTClO PEDOT 44

0 xx x
x )(

 

For each supercapacitor two cells were assembled in series (Figure 5a), reaching a 

voltage window of 3.8 V and 2.2 V for SC/D and SC/S, respectively. The assembled 

systems were connected to a red LED bulb (Figure 5a), which required a voltage of 1.5 

V to power on. PEDOT supercapacitors fabricated with electrodes obtained using static 

and dynamic conditions allowed us to maintain the power of the LED bulb during 

intervals of time of  1 min and 2.5 min, respectively, a discharge cutoff potential of 

1.5 V being reached after that time. Recharging of the supercapacitors was carried out 

by coupling a power supply of 12 V and a resistance of 10 k. Such two elements were 

retired after complete the recharge, which took 250 and 65 s for SC/D and SC/S, 

respectively. These recharge-power processes were repeated by more than 10 times 

without detriment in the performance of the supercapacitors. 

The discharge curves of the supercapacitors are provided in Figure 5b, which 

represents the voltage dropping of charged devices against the discharge time. A 

resistance of 1 k was used for the discharge process, measures being performed every 

5 s. The values displayed in Figure 5b correspond to the average of three independent 

experiments for each supercapacitor. The voltage of SC/D is higher than that of the 

SC/S during the first 2 min, after such time the drop is practically the same for the two 
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devices. Finally, the stability of the SC/D devices was proved by applying ten 

consecutive charge-discharge processes, in which the LED bulb was kept powered 

during the charging processes. Figure 5c, which shows the curves for the first and tenth 

charge-discharge process, reflects that the performance of the device remains practically 

unaltered.  

 

CONCLUSIONS  

Results obtained in this work clearly indicates that PEDOT films prepared using 

agitated reaction media, in which the concentrations of both the monomer and the 

supporting electrolyte are considerably lower than those used in typical quiescent 

solutions, exhibit excellent electrochemical properties. Interestingly, the topography of 

PEDOT films achieved using dynamic conditions is relatively independent of the 

supporting electrolyte concentration because the diffusional effects provoked by the 

agitation ensures a relative high concentration of ions at the polymer / medium 

interphase. Fabrication of all-PEDOT supercapacitors by assembling two cells made 

with films prepared using dynamic conditions evidence that such topography favors 

significantly the mobility of ions. Thus, the performance (i.e. reached voltage window, 

powering of a LED bulb, discharge rate and re-chargeability) of supercapacitors 

fabricated using dynamic conditions is higher than that of devices obtained using 

quiescent solutions with much higher monomer and supporting electrolyte 

concentrations. This investigation is relevant not only for improvement of the PEDOT 

electrodes but also for the environmental impact of their fabrication. Thus, reduction of 

the reactants concentrations provokes a favorable effect in the environmental hazards of 

depleted reaction media.   
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Table 1. Root-mean-squared roughness (Rq), arithmetic average roughness (Ra) and the 

maximum roughness value (Rmax) of PEDOT films obtained by CA at a constant 

potential of 1.40 V using a 2mM EDOT acetonitrile solution, a polymerization time of 

100 s and different LiClO4 concentrations (20, 50 and 100 mM) and agitation conditions 

(dynamic and static). 

 

[LiClO4] Stirred / Quiescent Rq (nm) Ra (nm) Rmax (nm) 

20 mM Dynamic 280 225 1603 

 Static 93.4 74.1 641 

50 mM Dynamic 251 203 1388 

 Static 263 211 1545 

100 mM Dynamic 325 259 2036 

 Static 202 157 1272 
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CAPTIONS TO FIGURES 

 

Figure 1. Electroactivity (maximum voltammetric charge stored for reversible exchange 

in the second redox cycle) and electrostability (variation of the maximum charge 

voltammetric stored for reversible exchange with the number of redox cycles) of 

PEDOT films prepared in absence of solution agitation (static conditions) using 

different monomer (EDOT) and supporting electrolyte (LiClO4) concentrations. In all 

cases, electroactivity measurements are expressed as voltammetric charge per surface 

unit (Q). 

Figure 2. Electroactivity (maximum voltammetric charge stored for reversible exchange 

in the second redox cycle) and electrostability (variation of the maximum charge 

voltammetric stored for reversible exchange with the number of redox cycles) of 

PEDOT films prepared in presence of solution agitation (dynamic conditions) using a 2 

mM EDOT concentration and different supporting electrolyte (LiClO4) concentrations. 

Results for selected PEDOT films prepared using static conditions have been included 

for comparison. The polymerization time was 100 s in all cases. (b) Electroactivity and 

electrostability of PEDOT films prepared in absence and presence of solution agitation 

(static and dynamic conditions) using a 2 mM EDOT concentration and different 

supporting electrolyte (LiClO4) concentrations. The polymerization time was 300 s in 

all cases. In both (a) and (b), electroactivity measurements are expressed as 

voltammetric stored charge per surface unit (Q). 

Figure 3. Variation of the weight of PEDOT films (Wox) deposited onto steel from a 2 

mM EDOT solution in acetonitrile with 50 or 20 mM LiClO4 at a constant potential of 

1.40 V under static and dynamic conditions against the polymerization charge (Qpol) 

consumed. Temperature: 25 ºC. The current productivity (mg of PEDOT per Coulomb 
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of charge consumed during the electropolymerization) for each condition corresponds to 

the slope of the linear equation displayed for each plot. 

Figure 4. 3D AFM topographic images of PEDOT films prepared using dynamic (left) 

and static (right) conditions. The concentration of EDOT monomer in the reaction 

medium was kept at 2 mM EDOT in all cases, while the concentration of supporting 

electrolyte was varied as is indicated. 

Figure 5. (a) Photographs of the all-PEDOT SC/D device constructed using PEDOT 

electrodes that were obtained using agitated acetonitrile solutions with 2 mM EDOT 

and 50 mM LiClO4. The SC/D device was used to power the LED bulb for more than 

2.5 min (a video is available upon request to the authors). (b) Discharge profile for the 

SC/D and SC/S devices using a resistance of 1 k. (c) First and tenth charge-discharge 

cycles for the SC/D device (the LED bulb was kept powered during the whole charge-

discharge process). 
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