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Abstract 

Thin films of poly(3,4-ethylendioxythiophene) (PEDOT) were electrochemically 

synthesized on platinum single crystal electrodes in the ionic liquid 1-ethyl-2,3-

dimethylimidazolium bis(trifluoromethylsulfonyl)imide ([Emmim][NTf2]). The 

electrochemical behaviour of 2,5-dimercapto-1,3,4-tiadiazole (DMcT) is evaluated 

on Pt bare electrodes and also on PEDOT modified electrodes. It was found that the 

redox reactions of DMcT are more reversible in [Emmim][NTf2] than in electrolytes 

dissolved in acetonitrile. Finally, it was found that the redox reactions of DMcT are 

surface sensitive on both bare and PEDOT modified Pt single crystal electrodes. 

 

Keywords: PEDOT, 2,5-dimercapto-1,3,4-tiadiazole, ionic liquid, platinum single 

crystal electrodes  
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1. Introduction 

The use of conducting polymers like poly(3,4-ethylendioxythiophene) PEDOT, as 

an alternative to the cathodes in rechargeable lithium batteries is possible due to its 

electrocatalytic activity in the redox reaction of organosulfur compounds such as 2,5-

dimercapto-1,3,4-tiadiazole (DMcT) [1-10].  Abruña et al. [7, 11, 12] showed that 

PEDOT synthesized in organic solvents, as tetrahydrofuran and acetonitrile, 

increases the electron transfer rate during the oxidation and subsequent reduction 

of DMcT. Thickness and porosity of the polymer film were key factors for the 

catalysis. They also evaluated some strategies to diminish the dissolution of DMcT 

from the cathode which affects the cyclability in rechargeable lithium batteries. One 

of them was the formation of a poly[dithio-2,5-(1,3,4-thiadiazole)](PDMcT)–poly(3,4-

ethylenedioxythiophene)(PEDOT) composite [6] which showed an energy density 

similar to the one of the commercial lithium batteries. Also, they studied a chemically 

modified PEDOT with DMcT moieties to form a hybrid cathode [10] and found an 

improvement of the capacity retention although the yield of chemical modification  is 

low.   

Due to the interesting properties of the ionic liquids in the field of lithium batteries, 

such as low vapour pressure and broad electrochemical window, [13-15] we have 

studied in this work the reactivity of DMcT in 1-ethyl-2,3-dimethylimidazolium 

bis(trifluoromethylsulfonyl)imide ([Emmim][NTf2]), on bare Pt single crystal 

electrodes and Pt electrodes modified with a thin film of PEDOT. The ionic liquid was 
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selected because it is hydrophobic, stable and does not have acid hydrogen atoms 

in the imidazolium cations which could alter the reaction.   

 

2. Experimental 

The electrochemical experiments were performed in single compartment glass 

cells which have a conical end in order to use low volumes of ionic liquid (0.5mL). A 

platinum wire was used as counter electrode, and a silver wire was used as 

pseudoreference electrode. Platinum single crystals electrodes were used as 

working electrodes and they were prepared following the Clavilier’s method  [16].  

. 

The ionic liquid, 1-ethyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl) imide 

([Emmim][NTf2]), (>99% purity), were purchased from Io-li-tec. The purification 

procedure was a modification of the one reported in reference [17]. In summary, 2 

mL of the ionic liquid were vacuum-dried for 24 hours, in presence of molecular sieve 

of 0.3 nm (Merck) (400 mg/mL). During the first 6 hours the ionic liquid was heated 

at 80°C. The molecular sieve was heated in a microwave during 5 minutes at 800 W 

prior to use.  

Prior to each experiment the cell was deareated with Ar (> 99.995% Alphagaz). 

The electrodes were heated in a gas-oxygen flame, cooled down in reductive 

atmosphere (H2 + Ar) and protected with a droplet of the ionic liquid at low enough 

temperatures to avoid decomposition. Then, the electrode was positioned in contact 

with the ionic liquid using a meniscus configuration 
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After a pre-treatment of 15 cycles between -0.5 and 0.2 V vs Ag in a solution of 

0.1 M 3,4-ethylenedioxythiophene (EDOT, Sigma-Aldrich 97%) in the ionic liquid, 

polymer films were grown under galvanostatic conditions by applying a current 

density of 0.124 mA cm-2 during 10 s to the working electrode. Then, the electrodes 

with the PEDOT films were rinsed with the ionic liquid, free of the monomer, and 

positioned in contact with fresh ionic liquid in another cell.  

Solutions of 2,5-dimercapto-1,3,4-thiadiazole (DMcT, Bismuthiol I Sigma Aldrich 

>99%) were prepared in the ionic liquid by dissolving it under ultrasound for 5 

minutes. Solutions of 21 mM of the disodium salt of 2,5-dimercapto-1,3,4-thiadiazole 

DMcT in acetonitrile were prepared as follows: Acetonitrile was dried with molecular 

sieve of 0.5 nm  (Merck) and bubbled with Ar for 1 hour. Then DMcT and Na2CO3 

were added to the acetonitrile and sonicated for another 1 hour. The solution turns 

a pale yellow. The final concentration in the electrochemical cell was 1,0 mM. 

A commercially available potentiostat/galvanostat µ Autolab III (Ecochemie) was 

used for the electrochemical measurements. 

 

3. Results and Discussion 

Previous studies of DMcT in organic solvents have shown that the redox reaction 

of this compound is irreversible on platinum electrodes when the protonated form is 

used, and it is necessary to neutralize the compound with sodium bicarbonate in 

order to form the salt and to obtain a reversible behaviour. [18] A systematic study 

of the different forms of DMcT (protonated, monobasic and dibasic salts, dimers, etc) 
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illustrated well this behaviour. [ 19] This reaction is an example of a proton-coupled 

electron transfer reaction (PCET) [20], in which the redox reactions are pH 

dependent or, more specifically, they are affected by the capacity of the solvent to 

provide protons or to stabilize the protons released during these redox reactions. In 

the case of the ionic liquid [Emmim][NTf2], a complex voltammetric profile of the 

protonated form of DMcT during the first 15 cycles can be observed on Pt single 

crystal electrodes, Figure 1. In contrast to the one oxidation and one reduction peak 

observed with DMct salt in acetonitrile,  a progressive increase of the current that 

results in the formation of one oxidation peak, A1, and two reduction peaks C1 and 

C2 is clearly pointed out. 

 

Figure 1. Cyclic voltammetry of 0.015 M DMcT in [Emmim][NTf2] on a) Pt(111) and 

b) Pt(111) (solid line), Pt(100) (dashed line) and Pt(110) (dotted line). It is shown the 

15th scan. The scan rate used was 100 mV s-1. 
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<Figure 1 here> 

Comparing the data of figure 1 and table 1 with those reported in reference [18] 

for the same reaction in acetonitrile, it seems that the anions of the ionic liquid act 

as proton acceptors that makes the reaction more reversible in spite of the fact that 

the ionic liquid has more viscosity than acetonitrile.[18] This fact suggests that the 

ionic liquids can be used as electrolyte in reactions that require stabilization of 

protons in absence of water.  

 

Table 1. Peak potential difference, formal potential and current peak relation 

observed during the redox reaction of DMcT.  

 

EA1-EC1  

/V  E'/V j A1/ µA cm-2 jA1/jC1 

Pt(hkl)     

Pt(111)  0.416 0.281 133.592 0.98 

Pt(100)  0.425 0.295 126.941 0.94 

Pt(110)  0.515 0.280 120.479 1.18 

Pt(hkl)-PEDOT 
    

Pt(111)  0.244 0.298 270.557 1.22 

Pt(100)  0.171 0.301 172.479 1.29 

Pt(110)  0.190 0.286 175.671 1.10 

 

 

Figure 1b shows a similar voltammetric profile for Pt(111) and Pt(100), while for 

Pt(110) the separation between A1 and C1 is higher than the one observed for the 
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other two surfaces.  Besides, Pt(110) has the highest C2/C1 current relation. Those 

facts indicate that this reaction is surface structure sensitive. 

 

PCET reactions can occur in a concerted or stepwise mechanism. In both cases, 

the solvent plays a key role as proton donor or acceptor because it stabilizes the 

intermediates of the reaction. [20] Taking this fact into account, and comparing the 

signals observed in the ionic liquid with the voltammetric profiles in acetonitrile of the 

protonated form of DMcT [18] and their respective salts [19] we propose a probable 

mechanism that can explain the behaviour observed in Figure 1a. The peak A1 is 

associated to the oxidation of DMcT to form dimers around 0.50 V (equation 1). In 

this step the released protons can be solvated by the ionic liquid molecules or they 

can form ionic pairs with the anions of the ionic liquid (equation 2). After that, the 

reduction of dimers to monomers occurs at about 0.10 V and the irreversible 

reduction of protons to hydrogen takes place at about -0.25 V (equation 3). 

 

2 HS-R-SH  ⇌   (H-S-R-S-)2 + 2H+ + 2e-  (1) 

H+ + A- ⇌ H+-A-     (2) 

2H+-A-  + 2e- ⟶  H2 + 2A-    (3) 

 

It is very likely that the proton concentration in the interface decreases upon redox 

cycling because protons are continuously eliminated by the formation and release of 

molecular hydrogen from the electrochemical cell. This means that the concentration 
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of the deprotonated form of the DMcT increases with the number of cycles (equation 

4 below). It is well known that the deprotonated form of DMcT is dimerized more 

easily than the protonated form [18, 19] (equation 5) and this is why the current of 

the peaks A1, C1 and C2 increases upon voltammetric cycling. 

   

HS-R-SH  ⇌  H-S-R-S- + H+     (4) 

2 HS-R-S-  ⇌   (H-S-R-S-)2 + 2e-   (5) 

 

 

The same experiment was performed with the platinum single crystal electrodes 

covered with a thin film of PEDOT. The profiles in Figure 2 show again an increase 

of currents upon redox cycling.  
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Figure 2. Cyclic voltammetry of 0.013 M DMcT in [Emmim][NTf2] on Pt single 

crystals modified with PEDOT. a) Pt(111), b) Pt(100), c) Pt(110). The scan rate used 

was 100 mV s-1. Fifteen scans are shown. 

 

<Figure 2 here> 

 

Within the previous framework, the peak A1 in Figure 2 is assigned to the 

formation of dimers and the peak C3 corresponds to the reduction of protons to 

molecular hydrogen. The peaks C1 and C2 probably correspond to the reduction of 

dimers that occurs in two different chemical environments (inside the polymer and 
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at the PEDOT- ionic liquid interface) or to a different catalytic activity of the polymer 

depending on the applied potential. 

 

The catalysis of the polymer towards this reaction is clear since the potential 

difference between peaks A1 and C1 decreases from about 400 mV for the bare Pt 

electrodes to about 200 mV in presence of PEDOT. Also, the peaks have higher 

current densities when the electrodes are modified with PEDOT. (Table 1) A 

comparison between the voltammetry with and without the polymer is shown in 

Figure 3.  

 

Figure 3. Cyclic voltammetry in [Emmim][NTf2] of 0.015 M DMcT on Pt(111) (dashed 

line) and 0.013 M DMcT on Pt(111) modified with PEDOT (solid line).  PEDOT on 

Pt(111) in [Emmim][NTf2] (dotted line). The 15th cycle is shown. The scan rate used 

was 100 mV s-1. 

 

<Figure 3 here> 
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The comparison between the three basal planes, Table 1, shows the different 

catalytic activity depending on the electrode surface structure. The peak currents of 

A1 and C1 are almost 30% higher in presence of the polymer than on bare Pt, while 

in Pt(111)-PEDOT the current is two times the current obtained with Pt(111).  

 

The catalysis in presence of PEDOT can be probably associated with a change 

in the chemical environment, where the polymer stabilizes the protons produced by 

the oxidation of the DMcT. The polymer has a Lewis acid character because of the 

positive charges in the polymer chains and it also has a Lewis basic behaviour due 

to the double bounds and the oxygen atoms in the ethylenedioxy group. It can be 

said that the PEDOT has amphoteric properties that favours the stabilization of 

protons during the redox reaction. This effect has also been observed for the case 

of the redox reaction of hydroquinone/benzoquinone on PEDOT electrodes. [21] It 

can be concluded that in general the proton-coupled electron transfer reactions are 

facilitated if they take place on electrode surfaces that can act as Lewis acids or 

bases, as it is the case of the PEDOT modified electrodes.  

 

The high current density found with Pt(111) (table 1) indicates higher amount of 

active sites and/or higher heterogeneous charge transfer rate constant than those 

obtained on Pt(110) or Pt(100). It has been reported that PEDOT films on Pt(111) 

have better electrochemical and mechanical properties as conductivity, 

electrocatalytic activity, adherence and uniformity, [19, 22, 23]. This work also shows 

that PEDOT on Pt(111) is a better electrocatalyst for the redox reactions of DMcT in 
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[Emmim][NTf2]. The shape of the peaks in figures 1 and 2 indicates diffusion 

processes, probably limited by the high viscosity of the ionic liquid. This effect could 

be favourable in rechargeable lithium batteries in order to prevent the dissolution of 

DMcT.  

 

As a final confirmation of the unique characteristics of DMcT on PEDOT, in the 

ionic liquid, the films prepared in [Emmim][NTf2] were evaluated in acetonitrile in 

presence of the disodium salt of DMcT and using the same ionic liquid as electrolyte. 

The behaviour of the polymer shown in figure 4 is similar to the cyclic 

voltammograms observed in acetonitrile with other electrolytes. As expected, there 

are two quasireversible peaks around 0.08V and 0.2V and no increment of the 

current occurs with the number of cycles and the difference between potential peaks 

is about 0.1 V, which is lower than the difference observed in the ionic liquid, and 

practically the same value obtained tetrabutilammonium hexafluorophosphate. [18] 

In this case, the higher reversibility of the peaks in acetonitrile than in the ionic 

liquid, is probably due to its lower viscosity. Interestingly, the difference between 

potential peaks is similar to the one obtained with other electrolytes, which means 

that the polymer is capable of exchange ions even though the ions of the ionic liquid 

have big volumes. It is evident that the ionic liquids can benefit a sort of reactions 

due to its broad kind of interactions, which are not present when the ions are alone.  
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Figure 4. Cyclic voltammetry in 0.1M [Emmim][NTf2] acetonitrile with 1.0 mM of 

neutralized DMcT, on PEDOT modified electrodes: Pt(111) (solid line), Pt(100) 

(dashed line), Pt(110) dotted line. Total charge polymer synthesis was 6.2mC cm-2. 

The scan rate used was 100 mV s-1. 

 

4. Conclusions 

This study has found that the redox reaction of DMcT in [Emmim][NTf2] on Pt(hkl) 

electrodes is a quasireversible electrochemical reaction that is catalysed by PEDOT 

films. The electrochemical response of DMcT in [Emmim][NTf2] is very dependent 

on its protonation state. The elimination of hydrogen cations by their reduction to 

molecular hydrogen upon redox cycling facilitates the oxidation of DMcT. 

The fact that [Emmim][NTf2] is a better electrolyte for the oxidation reaction of 

DMcT than salts dissolved in acetonitrile [11, 18, 19] suggests that the ionic liquid 

stabilizes the reaction intermediates allowing a faster electron transfer reaction. On 

the other hand, the electrocatalytic properties of PEDOT can be explained due to 

their Lewis acid-base properties. Finally, the catalytic activity of PEDOT films 

depends on the electrode surface structure used to electropolymerize the PEDOT. 
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The highest current density was observed with Pt(111)-PEDOT electrode. This study 

can help future developments on batteries that use ionic liquids as electrolytes.  
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