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In an aqueous electrolyte under an anodic polarization, most of the conductive polymers could undergo an overoxidation due to the hydroxyl radicals formed during water oxidation. Regarding poly(3,4-ethylenedioxythiophene) (PEDOT) only a few reports studied its overoxidation. In this paper, we propose a facile and rapid strategy to prepare an ultrathin (15 nm), pinhole-free and non-conductive overoxidized PEDOT film by electropolymerization of EDOT under potentiostatic conditions in the presence of solely weak-acid ions in the monomer solution. The influence of the pH of this solution as well as the applied potential was studied notably by electrochemical impedance spectroscopy. It was pointed out that the PEDOT film is overoxidized when its electrosynthesis is performed in an aqueous monomer solution of pH 10.5, at 1.1 V/SCE, the monomer solution containing only weak-acid ions as anions (phosphates or carbonates). XPS analyses show that some C and S atoms of the film are oxidized leading to a break of the polymer conjugation and therefore to a decrease of its electronic conductivity.

Finally, after adding in the monomer phosphate solution of pH 10.5 perchlorate ions that allow to avoid total overoxidation of the film formed at the very beginning of the process, PEDOT nanowires were obtained.

Introduction

Over recent decades, electrically conductive polymers such as polypyrrole (PPy) [START_REF] Ramanavicius | Electrochemical sensors based on conducting polymer-polypyrrole[END_REF][START_REF] Yuan | Polypyrrole-coated paper for flexible solid-state energy storage[END_REF][START_REF] Bocchetta | Electrochemical Deposition of Polypyrrole Nanostructures for Energy Applications: A Review[END_REF][START_REF] Lee | Fabrication of polypyrrole (PPy)/carbon nanotube (CNT) composite electrode on ceramic fabric for supercapacitor applications[END_REF], polythiophene (PTh) [START_REF] Barbarella | The versatile thiophene: An overview of recent research on thiophene-based materials[END_REF][START_REF] Hebestreit | Physical and electrochemical characterization of nanocomposites formed from polythiophene and titaniumdioxide[END_REF][START_REF] Bora | Polythiophene/graphene composite as a highly efficient platinum-free counter electrode in dye-sensitized solar cells[END_REF], polyaniline (PANI) [START_REF] Zhou | Electrochemical capacitance of well-coated single-walled carbon nanotube with polyaniline composites[END_REF][START_REF] Gupta | Polyaniline/single-wall carbon nanotube (PANI/SWCNT) composites for high performance supercapacitors[END_REF][START_REF] Wu | High-Performance Electrocatalysts for Oxygen Reduction Derived from Polyaniline, Iron, and Cobalt[END_REF] and their derivatives have attracted great attention across academia and industry. Poly (3,4-ethylenedioxythiophene) (PEDOT) has developed into one of the most popular materials among all the conductive polymers due to its high and stable electrical conductivity in oxidized state [START_REF] Bubnova | Optimization of the thermoelectric figure of merit in the conducting polymer poly(3,4ethylenedioxythiophene)[END_REF][START_REF] Long | Recent advances in synthesis, physical properties and applications of conducting polymer nanotubes and nanofibers[END_REF][START_REF] Zhan | PEDOT: Cathode active material with high specific capacity in novel electrolyte system[END_REF][START_REF] Ellis | PEDOT counter electrodes for dye-sensitized solar cells prepared by aqueous micellar electrodeposition[END_REF][START_REF] Rahimzadeh | An overview on the synthesis and recent applications of conducting poly(3,4-ethylenedioxythiophene) (PEDOT) in industry and biomedicine[END_REF]. However, only a few reports studied its overoxidation under anodic polarization in an aqueous medium.

Electropolymerization of EDOT can be carried out in organic and aqueous solutions by cyclic voltammetry or chronoamperometry in a certain range of applied potential. In an aqueous electrolyte, when the applied potential is high, a side reaction that is water oxidation can occur.

Therefore, EDOT electropolymerization could be accompanied by the polymer overoxidation which results from the OH  radicals produced during water oxidation. Du and Wang have shown that in an aqueous solution containing 0.01 M EDOT and 0.1 M LiClO 4 , the anodic current decreased with time under potentiostatic conditions in the range of 1.1 -1.5 V/SCE, due to the overoxidation of the polymer which becomes non-conductive [START_REF] Du | Effects of polymerization potential on the properties of electrosynthesized PEDOT films[END_REF]. Overoxidation is avoided in most studies in order to not disturb the polymerization process. However, overoxidized PEDOT (O-PEDOT) films exhibit some unique properties and can be applied for sensing with determination of dopamine [START_REF] Lin | Strong adsorption characteristics of a novel overoxidized poly(3,4-ethylenedioxythiophene) film and application for dopamine sensing[END_REF], uric acid [START_REF] Ozcan | Preparation of poly(3,4-ethylenedioxythiophene) nanofibers modified pencil graphite electrode and investigation of over-oxidation conditions for the selective and sensitive determination of uric acid in body fluids[END_REF] and lead ion [START_REF] Hui | Comparison of Two Types of Overoxidized PEDOT Films and Their Application in Sensor Fabrication[END_REF]. Besides, a very thin pinholefree O-PEDOT film could be an essential step of the formation of nanostructured PEDOT films, taking into account the studies performed on polypyrrole [START_REF] Debiemme-Chouvy | Template-free one-step electrochemical formation of polypyrrole nanowire array[END_REF][START_REF] Al-Mashat | Electropolymerized Polypyrrole Nanowires for Hydrogen Gas Sensing[END_REF][START_REF] Fakhry | Mechanism of formation of templateless electrogenerated polypyrrole nanostructures[END_REF]. PEDOT films with nanostructures have great potential to be used for various applications such as (bio)sensors or energy storage devices.

In general, the most common way to obtain an O-PEDOT film is first preparing a PEDOT film by an electrochemical method and then applying a relatively high potential to overoxidize it in an aqueous solution which does not contain any monomer. During the process of overoxidation, the doping anions are expelled from the film, the conjugation length of the polymer is decreased [START_REF] Zykwinska | Electrochemical overoxidation of poly(3,4-ethylenedioxythiophene)-PEDOT studied by means of in situ ESR spectroelectrochemistry[END_REF] and the morphology of the film could be changed [START_REF] Lang | In situ monitoring of the electrochemical degradation of polymer films on metals using the bending beam method and impedance spectroscopy[END_REF][START_REF] Ujvari | Morphological changes in electrochemically deposited poly(3,4-ethylenedioxythiophene) films during overoxidation[END_REF][START_REF] Ujvari | Structural changes during the overoxidation of electrochemically deposited poly(3,4ethylenedioxythiophene) films[END_REF]. The influence of the overoxidation conditions, such as applied potential [START_REF] Sekli-Belaidi | Voltammetric microsensor using PEDOTmodified gold electrode for the simultaneous assay of ascorbic and uric acids[END_REF][START_REF] Cysewska | Influence of electropolymerization conditions on the morphological and electrical properties of PEDOT film[END_REF] and pH [START_REF] Tehrani | The effect of pH on the electrochemical over-oxidation in PEDOT : PSS films[END_REF], and the electrochemical properties of O-PEDOT have been studied. However, O-PEDOT films prepared by this two-step procedure are still partially conductive. Because the first step leads to a thick PEDOT film and the anions inside the film are hard to be completely expelled. Sometimes some thin cracks or crevices are observed because of the internal stress changes during the second step [START_REF] Lang | In situ monitoring of the electrochemical degradation of polymer films on metals using the bending beam method and impedance spectroscopy[END_REF].

In contrast, one-step electrosynthesis can simplify the process and allow one to obtain an ultrathin, pinhole-free, non-conductive film. It has been reported in our previous works [START_REF] Debiemme-Chouvy | One-step electrochemical synthesis of a very thin overoxidized polypyrrole film[END_REF][START_REF] Debiemme-Chouvy | An insight into the overoxidation of polypyrrole materials[END_REF][START_REF] Fakhry | Electrochemical Characterisations of Ultra Thin Overoxidized Polypyrrole Films Obtained by One-Step Electrosynthesis[END_REF] that the presence of solely weak-acid anions, such as monohydrogenophosphate or carbonate, which confer a relatively high pH to the monomer solution, allows one-step electrogeneration of an ultrathin overoxidized polypyrrole (O-PPy) film under potentiostatic and potentiodynamic conditions. Actually, weak-acid anions capture the protons which are released during monomer oxidation and lead to a situation that no anions are available at the electrode/solution interface.

Due to the high applied potential at the electrode, water oxidation takes place and hydroxyl radicals are generated, these radicals react with the polymer film initially electrogenerated resulting in its overoxidation. The resistance of O-PPy film prepared by one-step is about ten times higher than the one prepared by a two-step process [START_REF] Fakhry | Electrochemical Characterisations of Ultra Thin Overoxidized Polypyrrole Films Obtained by One-Step Electrosynthesis[END_REF]. One can notice that these O-PPy films can be applied to develop biosensors implying H 2 O 2 detection [START_REF] Debiemme-Chouvy | A very thin overoxidized polypyrrole membrane as coating for fast time response and selective H 2 O 2 amperometric sensor[END_REF][START_REF] Debiemme-Chouvy | Characterization of a very thin overoxidized polypyrrole membrane: application to H 2 O 2 determination[END_REF]. Additionally, this is the very first step of the electropolymerization of pyrrole leading to PPy nanowires [START_REF] Debiemme-Chouvy | Template-free one-step electrochemical formation of polypyrrole nanowire array[END_REF][START_REF] Fakhry | Mechanism of formation of templateless electrogenerated polypyrrole nanostructures[END_REF][START_REF] Fakhry | Templateless electrogeneration of polypyrrole nanostructures: impact of the anionic composition and pH of the monomer solution[END_REF][START_REF] Debiemme-Chouvy | Electrosynthesis of polypyrrole nano/micro structures using an electrogenerated oriented polypyrrole nanowire array as framework[END_REF]. Although the O-PPy one-step electrosynthesis mechanism can be considered to other conductive polymers, certain conditions need to be met, such as (i) a high monomer concentration in order to have the oxidation of numerous monomers and therefore a high release of protons (reaction [START_REF] Ramanavicius | Electrochemical sensors based on conducting polymer-polypyrrole[END_REF]) that are captured by the weak-acid ions leading to a drastic decrease of the anion concentration at the electrode/solution interface and (ii) proper potential of the monomer oxidation in agreement with water oxidation potential to have only formation of a few hydroxyl radicals able to react with the polymer initially formed rather than with themselves forming H 2 O 2 that is then oxidized into O 2 . Unfortunately, EDOT has much lower solubility than pyrrole in an aqueous electrolyte and a higher redox potential. In another word, the balance between EDOT polymerization, water oxidation and PEDOT overoxidation is harder to be achieved by controlling the applied potential and the concentration of anions in one-step electrosynthesis. Actually, full overoxidation of PEDOT films by an electrochemical method has never been reported. The high stability of PEDOT due to the dioxane structure makes it difficult to be overoxidized. In the meantime, PEDOT with nanostructures is also difficult to be electrodeposited without the use of a template for the same reasons [START_REF] Le | Charge Storage Properties of Nanostructured Poly (3,4-ethylenedioxythiophene) Electrodes Revealed by Advanced Electrogravimetry[END_REF]. PEDOT films usually have a cauliflower-like structure [START_REF] Cysewska | Influence of electropolymerization conditions on the morphological and electrical properties of PEDOT film[END_REF][START_REF] Groenendaal | Electrochemistry of poly(3,4-alkylenedioxythiophene) derivatives[END_REF]. PEDOT nanowires are commonly obtained by using silicon or metal oxide template [START_REF] Li | Hierarchical doubleshelled poly(3,4-ethylenedioxythiophene) and MnO 2 decorated Ni nanotube arrays for durable and enhanced energy storage in supercapacitors[END_REF][START_REF] Shiu | Morphology Dependence of Silicon Nanowire/Poly(3,4-ethylenedioxythiophene):Poly(styrenesulfonate) Heterojunction Solar Cells[END_REF][START_REF] Chen | Electrochemical grafting passivation of silicon via electron transfer at polymer/silicon hybrid interface[END_REF][START_REF] Le | Understanding the energy storage mechanisms of poly(3,4-ethylenedioxythiophene)-coated silicon nanowires by electrochemical quartz crystal microbalance[END_REF][START_REF] Aradilla | Novel hybrid micro-supercapacitor based on conducting polymer coated silicon nanowires for electrochemical energy storage[END_REF]. Recently, Guittard's group [START_REF] Thiam | Designing Nanoporous Membranes through Templateless Electropolymerization of Thieno 3,4-b thiophene Derivatives with High Water Content[END_REF][START_REF] Sane | Nanotubular structures through templateless electropolymerization using thieno 3,4-b thiophene derivatives with different substituents and water content[END_REF][START_REF] Fradin | A soft template approach to various porous nanostructures from conjugated carbazole-based monomers[END_REF] successfully obtained various conductive polymers with various structures, including PEDOT derivatives, by softtemplate, such as O 2 or H 2 bubbles, and surfactant-free electropolymerization. The structures are between nanoscale and microscale because the O 2 or H 2 bubbles are generated at the electrode/electrolyte interface instead of the electrode/film interface as for PPy electrosynthesis in monomer solution containing phosphate anions, which leads to bubbles having a lower size because of less merging of the bubbles inside the film than in the electrolyte [START_REF] Debiemme-Chouvy | Template-free one-step electrochemical formation of polypyrrole nanowire array[END_REF][START_REF] Fakhry | Mechanism of formation of templateless electrogenerated polypyrrole nanostructures[END_REF][START_REF] Fakhry | Templateless electrogeneration of polypyrrole nanostructures: impact of the anionic composition and pH of the monomer solution[END_REF][START_REF] Debiemme-Chouvy | Electrosynthesis of polypyrrole nano/micro structures using an electrogenerated oriented polypyrrole nanowire array as framework[END_REF]. To better control the morphology of PEDOT, organic solvents [START_REF] Poverenov | Major Effect of Electropolymerization Solvent on Morphology and Electrochromic Properties of PEDOT Films[END_REF], surfactants [START_REF] Xiao | Pulse potentiostatic electropolymerization of high performance PEDOT counter electrodes for Pt-free dye-sensitized solar cells[END_REF] and emulsions [START_REF] Lee | Electropolymerization in a confined nanospace: synthesis of PEDOT nanoparticles in emulsion droplet reactors[END_REF] are commonly used. To the best of our knowledge, the mechanism of nanostructured PEDOT electrogeneration in aqueous solution without any surfactants has not been discussed yet.

Herein, we report, for the first time, a one-pot electrosynthesis of ultrathin film of O-PEDOT that was carried out in an aqueous solution containing EDOT monomer and phosphate anions (HPO 4 ). We confirm that the presence of weak-acid anions in the monomer solution can lead to the formation of an overoxidized polymeric film. The influence of pH and applied potential over the electrochemical process has been studied notably by electrochemical impedance spectroscopy (EIS), and a mechanism of PEDOT overoxidation in an aqueous solution has been proposed including the presence of carboxylic groups which have been successfully activated by using N-ethyl-N'(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) solution [START_REF] Khan | Continuous Determination of Glucose Using a Membraneless, Microfluidic Enzymatic Biofuel Cell[END_REF][START_REF] Ward | Amine Functionalization of Collagen Matrices with Multifunctional Polyethylene Glycol Systems[END_REF][START_REF] Balistreri | Covalent immobilization of glucose oxidase on mesocellular silica foams: Characterization and stability towards temperature and organic solvents[END_REF]. In our future work, glucose oxidase (GOx) will be immobilized to this amine-reactive NHS ester. Indeed O-PEDOT/GOx can be used as a high selective amperometric biosensor [START_REF] Sheldon | Enzyme immobilisation in biocatalysis: why, what and how[END_REF]. In the end, we prove that, as for PPy, it is possible to electrogenerate a nanostructured PEDOT film by adding perchlorate ions to the phosphate monomer solution. The film has high specific surface area and has the potential to be further used for various applications, such as biosensors [START_REF] Kros | Poly(3,4ethylenedioxythiophene)-based glucose biosensors[END_REF][START_REF] Lin | Performing enzyme-free H 2 O 2 biosensor and simultaneous determination for AA, DA, and UA by MWCNT-PEDOT film[END_REF][START_REF] Sehit | Significance of nanomaterials in electrochemical glucose sensors: An updated review (2016-2020[END_REF] or supercapacitors [START_REF] Anothumakkool | Novel scalable synthesis of highly conducting and robust PEDOT paper for a high performance flexible solid supercapacitor[END_REF][START_REF] Rajesh | Electrochemical polymerization of chloride doped PEDOT hierarchical porous nanostructure on graphite as a potential electrode for high performance supercapacitor[END_REF][START_REF] Ryu | Poly(ethylenedioxythiophene) (PEDOT) as polymer electrode in redox supercapacitor[END_REF].

Experimental

EDOT and H 3 PO 4 solutions, K 2 HPO 4 , K 3 PO 4, K 2 CO 3 , K 3 Fe(CN) 6 , K 4 Fe(CN) 6 , KOH, LiClO 4 , KCl, Ru(NH 3 ) 6 Cl 2, Ru(NH 3 ) 6 Cl 3 , N-ethyl-N'(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) salts were purchased from Aldrich. All the solutions were prepared with bi-distilled water.

The electrochemical experiments were performed with an Autolab PGSTAT100 (Ecochemie) potentiostat in a classical three-electrode electrochemical cell. A platinum wire was used as a counter electrode and a saturated calomel electrode (SCE) as the reference one. During the electrosynthesis, a double junction was used in order to avoid chloride diffusion into the EDOT solution. The working electrode was either Au or Pt (S = 0.07 cm 2 ) (similar results were obtained on both) for electrochemical studies or Au/mica substrate for XPS analyses and SEM observations. The temperature of the EDOT solution was fixed at 30 °C by water bath heating to be sure that the EDOT monomers were totally dissolved without any addition of an organic electrolyte. The initial solution was 0.2 M K 2 HPO 4 with a pH around 9. The pH of the solutions was adjusted in the range of 3.3 -11.5 by adding H 3 PO 4 or KOH to the initial solution (H 3 PO 4 pKa: 2.15, 7.2, 12.3, see repartition diagram in Figure S1). For the best experimental conditions, tests were done with carbonates (H 2 CO 3 pKa: 6.4, 10.3) instead of phosphates. The solutions were deaerated by argon bubbling. The EDOT polymerization was conducted under either potentiodynamic or potentiostatic conditions. The potential range of cyclic voltammetry (CV) was from 0.2 to 1.3 V/SCE. For potentiostatic conditions, the applied potential was varied from 0.9 to 1.2 V/SCE. The electrochemical impedance spectroscopy (EIS) experiments were

performed at the open circuit potential of the electrolyte containing 10 mM K 4 Fe(CN) 6 /K 3 Fe(CN) 6 + 0.1 M KCl or 3 mM Ru(NH 3 ) 6 Cl 2 /Ru(NH 3 ) 6 Cl 3 + 0.1 M KCl, from 50 mHz to 70 kHz, with a 10 mV (r.m.s.) ac perturbation.

The scanning electron microscopy (SEM) micrographs were obtained from a field emission gun scanning electron microscope (FEG-SEM), Ultra55 Zeiss, operating at 5 kV.

The chemical composition of the polymers was determined by X-ray photoelectron spectroscopy (XPS). The XPS measurements were performed on a VG ESCALAB 250i-XL spectrometer using monochromatic Al K radiation as the X-ray source. Survey and high-resolution spectra were recorded with a pass energy of 100 eV and 20 eV, respectively, in the constant analyzer energy mode. The photoelectron collect angle was 90°with respect to the plane of the sample.

Results and discussion

EDOT electropolymerization under potentiodynamic conditions

Firstly, to determine the best potential, EDOT monomers were electrochemically oxidized under potentiodynamic conditions. Figures 1(a 3-at pH 9 and 10.5, respectively. From these curves (same scale), it is obvious that the electrolyte pH has an important influence on the process. At pH 10.5, the anodic peak of the first cycle is about six times lower than the one obtained at pH 9. However, in both conditions, the anodic current decreases strongly after the first scan, indicating that the PEDOT film formed is not very conductive. Actually, the anodic current is almost null for the fifth cycle, which implies that non-conductive PEDOT films have been formed, i.e. overoxidized films have been deposited onto the metallic electrode. In contrast, in a solution containing 0.011 M EDOT and 0.1 M LiClO 4 whose pH has been adjusted to 10.5, the anodic current keeps increasing with the increase of the applied potential and it is still high after 5 scans (Figure 1(c)). Therefore the high pH of the monomer solution is not responsible for the overoxidation of the PEDOT film during its electrosynthesis. In the absence of weak-acid anions in the monomer solution, EDOT polymerization will be the only reaction regardless of the pH of the solution. These conclusions are well supported by the CV responses of these films in a solution containing Fe(CN) 6 4-/3-redox probe. charged and discharged and the growth process is interrupted [START_REF] Heinze | Electrochemistry of Conducting Polymers-Persistent Models and New Concepts[END_REF]. Hence, the potentiostatic method was used in the rest of this work, based on Figure 1, the potentials tested were in the range from 0.9 to 1.2 V/SCE. 

Influence of the pH of the monomer solution

To study the influence of the pH of the monomer solution, electrosynthesis of PEDOT at different pH were performed under potentiostatic conditions. From Figure 2(a), it is obvious that the anodic current after 300 s of polarization depends on the electrolyte pH. The higher the pH is the lower the final anodic current is. Since the applied potential is fixed, the resistance of the film is higher when the current is lower. In another word, the current value indicates the level of overoxidation of the PEDOT film. The charges obtained after 300 s of polarization are reported in Figure 2(b). Notice that these charges are due to EDOT oxidation and/or water oxidation. The lowest charges are obtained for pH around 10.5-11, in this pH range whatever the applied potentials tested, the charges are similar. These results are in good agreement with our previous work [START_REF] Fakhry | Templateless electrogeneration of polypyrrole nanostructures: impact of the anionic composition and pH of the monomer solution[END_REF]. The process contains four main reactions. During EDOT electropolymerization (reaction ( 1)) H + are released, these ions are captured by the phosphate anions (reaction ( 2)).

When no anions (A -) are available at the electrode/solution interface, reaction (1) can't take place anymore, water oxidation occurs and hydroxyl radicals are generated (reaction (3)) due to the relatively high applied potential and pH of solution, these radicals react with the polymer initially formed leading to its overoxidation (reaction (4)). polymer is obtained at pH 10.5, the doping anions are no more present in it, some C and S atoms are oxidized and the double bonds are no more conjugated.

n EDOT +  A -→ [(EDOT) n (n)+ , n A -] + 2(n-1) H + + ((2+)n-2) e - (1) 
H x PO 4 (3-x)-+ (3-x) H + → H 3 PO 4 (2) 
H 2 O → OH  + H + + e - (3) 
Q anodic /mC cm -2 pH 0.9 V 1 V 1.1 V 1.2 V (b)
However, it is difficult to discriminate between the presence of carbonyl or carboxyl groups from XPS analysis. It has been reported that ester groups are observed after PEDOT overoxidation [START_REF] Lin | Strong adsorption characteristics of a novel overoxidized poly(3,4-ethylenedioxythiophene) film and application for dopamine sensing[END_REF]. But ester groups are not stable in alkaline solution. Therefore, we believe that the cleavage of ester groups leads to a carboxyl group. In this condition, a hydroxyl group is attached to one end of the alkene double bond which is also not stable. So enol and its isomer ketone both exist 

(

Influence of the applied potential

As a further step, the influence of the potential imposed during the polymer synthesis was studied. Experiments were performed under different potentials from 0.9 to 1.2 V/SCE at pH 10.5. As one can notice in Figure 5(a), the shape of j(t) curves is the same whatever the applied potential. The current densities are high at the very beginning then they decrease rapidly in the first 20 seconds and then remain stable at a very low value. The charges increase slightly with the increase of the applied potential, they are in the range of 14-30 mC cm -2 . Electrochemical solution and 0.2 M K 2 HPO 4 /K 3 PO 4 solution at pH 9, respectively. In Figure 5(c), the response of the film synthesized at 1.2 V is flatter than the other, likely due to partial overoxidation of the film. The curves of the films synthesized at 0.9, 1.0 and 1.1 V/SCE are similar to the response of a bare Au electrode, which means these films are conductive. From Figure 5(d), it is obvious that for a monomer solution of pH 9 the influence of film synthesis potential is high. Although the lowest response is also obtained at 1.1 V/SCE, the current density is higher than for the films prepared at pH 10.5 (Figure 5(b)). Figure S4 shows the j(t) curves recorded during the electrosynthesis in these two conditions. All the anodic charges obtained for the three conditions are reported in Table S2. At pH 10.5, the charge slightly increases with the increase of applied potential. S3. The main capacitance loop centred around a few Hz arises from the parallel combination of the global resistance, R = R t + R f , and the film impedance represented by the CPE element. The apparent diameter of the Nyquist diagrams is clearly determined by the global resistance, the highest R value is obtained for the film formed at 1.1
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V/SCE (see Figure 6(b)). In this condition, R f is about 10 k (Table S3). Taking  the film thickness (15 nm, Figure 3(c)) and S the electrode surface (0.07 cm 2 ), the electrical conductivity of the film,  = /SR f , is around 2.1 10 -9 S cm -1 that is a value characteristic of a non-conductive material.

Additional information can be gained from analysing the film impedance. The CPE behaviour has been explained by assuming a gradient of resistivity across the film since the overoxidation is due to OH  radicals produced at the electrode/film interface. According to [START_REF] Hirschorn | Constant-Phase-Element Behavior Caused by Resistivity Distributions in Films I. Theory[END_REF], assuming the dielectric properties to be homogeneous and a power law for the variations of the resistivity across the film, it is possible to estimate the resistivity domain (  ,  0 ) covered by the O-PEDOT films between the two interfaces. Taking  the dielectric permittivity of the film ( 8 [START_REF] Zhang | High-kappa polymers of intrinsic microporosity: a new class of high temperature and low loss dielectrics for printed electronics[END_REF]),   and  0 are given by the following expressions:

where the quantity is given by the expression : = 1+2.88 (1-n) 2.375 according to reference [START_REF] Hirschorn | Constant-Phase-Element Behavior Caused by Resistivity Distributions in Films I. Theory[END_REF]. The calculated values of   and  0 are given in Table S3, showing that the highest  0 resistivity value is obtained for the film formed at 1.1 V/SCE. To confirm that the O-PEDOT-10.5 film is really pinhole free i.e. that in the presence of Fe(CN) 6 4-/3-the absence of current is not due to the rejection of anions, a cationic redox probe was used. Similar results were obtained i.e. a flat CV response was obtained in an electrolyte containing Ru(NH 3 ) 6 2+/3+ and a Nyquist diagram showing a very large semicircle with a diameter, corresponding to R=R t + R f , about 64 k was obtained (see Figure S8).

.9 V 1 V 1.05 V 1.1 V 1.15 V 1.2 V -Z'' /k Z' /k
Moreover, to confirm that the nature of the weak-acid anion does not influence the process, carbonates were used instead of phosphates. The film obtained at pH 10.5, after 300 s of polarization at 1.1 V/SCE, has the same characteristics as the film obtained in the presence of phosphate (see figure S9).

Electrosynthesis of PEDOT nanowires

In the end, to extend the application of O-PEDOT, we successfully obtained PEDOT nanowires by adding 0.75 mM LiClO 4 to the monomer phosphate solution (Figure 7). 

Conclusions

Non-conductive and ultrathin O-PEDOT films were prepared by one-pot electrosynthesis in an aqueous solution containing EDOT monomer and only phosphates or carbonates as anions. This method is simple and environmentally friendly. By potentiostatic method, the film overoxidation occurs at pH 10.5, the doping anions are expelled from the polymer electrogenerated at the very beginning of the process. Some C and S atoms are oxidized to carboxyl and sulfone, respectively, leading to disruption of the chain conjugation and therefore to the non-conductive property of the film. The influence of the applied potential has also been studied. At pH 10.5, all the potentials from 0.9 V to 1.2 V/SCE lead to the synthesis of an overoxidized PEDOT film. Indeed in the presence of a redox probe, very low currents are detected by CV and slightly depressed semicircles are obtained in Nyquist diagrams. The film prepared at 1.1 V/SCE shows the lowest redox response and the highest resistance, it means it has the lowest conductivity (2.1 10 -9 S•cm - 1 ). Some enzymes such as glucose oxidase could be immobilized onto this film in order to develop a selective amperometric H 2 O 2 biosensor. In the end, PEDOT films with conductive nanostructures were obtained by the same method simply by adding perchlorate ions in the monomer solution. This result extends the prospect of the one-pot electrosynthesis method and the nanostructured PEDOT has great potential for various applications such as supercapacitors due to the very high specific surface area of the PEDOT film.
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 1 d) allows one to compare these responses to the one obtained at a bare Pt electrode. No anodic and cathodic peaks can be observed in the curves recorded at the electrodes coated with the PEDOT film generated in the presence of phosphate ions (Figures 1(a) and 1(b)). The current recorded at the ClO 4 -doped PEDOT/Pt electrode (Figure 1(c)) is even higher than the one recorded at bare Pt electrode due to the higher surface of the cauliflower structure of PEDOT. The curve obtained for the O-PEDOT film synthesized at pH 10.5 is the flattest. Taking into account this finding and the comparison between Figures 1(a) and 1(b), it is obvious that pH 10.5 is a better condition than pH 9 for preparing an O-PEDOT film. However, during potentiodynamic experiments, polymers are

Figure 1 .

 1 Figure 1. Cyclic voltammograms (CV) at a Pt electrode, at 20 mV s -1 , in solution containing 0.011 M EDOT and (a) 0.2 M K 2 HPO 4 /K 3 PO 4 , pH 9 ; (b) 0.2 M K 2 HPO 4 /K 3 PO 4 , pH 10.5 ; (c) 0.1 M LiClO 4 , pH 10.5. (d) CV responses at a bare Pt electrode and at PEDOT films obtained after synthesis shown in (a), (b) and (c), in 0.01 M K 4 Fe(CN) 6 /K 3 Fe(CN) 6 + 0.1 M KCl solution.

PEDOT

  

Figure 2 .Figure 3 .

 23 Figure 2. (a) Current density vs. time at a Au electrode polarized at 0.9 V/SCE, in electrolyte of pH 3.3, 7, 9 and 11.5. (b) Anodic charge vs. pH after 300 s of polarization of a Au electrode at different potentials in 0.011 M EDOT + 0.2 M H 3 PO 4 /KH 2 PO 4 or KH 2 PO 4 /K 2 HPO 4 or K 2 HPO 4 /K 3 PO 4 solution.

Figure 4 (

 4 b)). Combining the mechanism of overoxidation of thiophene [61], we propose a possible final product of PEDOT overoxidation, as shown in Figure 4(b), and the loss of carbon (under oxalic acid form) may come from double cleavage (Figure 4(c)), which happens to a small amount of EDOT.

Figure 4 .

 4 Figure 4. Structures of (a) PEDOT; (b) and (c) possible final products after overoxidation.

6 4

 6 Figure 5(b)) is obtained for the film synthesized at 1.1 V/SCE (see inset of Figure 5(b)). In

Figure 5 . 2 M K 2 5 )

 5225 Figure 5. (a) Current density vs. time at a Au electrode polarized at different potentials in 0.011 M EDOT + 0.2 M K 2 HPO 4 /K 3 PO 4 solution at pH 10.5. Cyclic voltammograms in 0.01 M Fe(CN) 6 4-/3-+ 0.1 M KCl solution, at 20 mV s -1 , of PEDOT coated Au electrodes at different potentials in (b) 0.011 M EDOT + 0.2 M K 2 HPO 4 /K 3 PO 4 solution at pH 10.5, (c) 0.011 M EDOT + 0.1 M LiClO 4 solution; (d) 0.011 M EDOT + 0.2 M K 2 HPO 4 /K 3 PO 4 solution at pH 9. Inset: Current density at 0.4 V vs. SCE in function of the applied potential used for the PEDOT film synthesis.

Figure 6 .

 6 Figure 6. (a) Nyquist plots of PEDOT coated Au electrodes (j(E) curves are shown in Figure 5(b)) in 0.01 M K 4 Fe(CN) 6 / K 3 Fe(CN) 6 + 0.1 M KCl solution, (b) Resistance vs. potential imposed during the film synthesis.

Figure 7 . 3 -/ 4 -

 734 Figure 7. SEM micrograph of a PEDOT film electrosynthesized at 1.1 V/SCE for 300 s in 0.011 M EDOT + 0.2 M HPO 4 2-/PO 4 3-+ 0.75 mM LiClO 4 solution at pH 10.5 solution. Tilt 60°.

Figure 8 .

 8 Figure 8. Schematic model of PEDOT overoxidation and the growth of nanostructure under polarization.

  

  The electrosynthesis was performed by applying a single potential. During water oxidation, OH  and H 2 O 2 are produced. Some H 2 O 2 molecules are oxidized leading to the formation of O 2 (reaction (6)) during

	the EDOT polymerization.	
	H 2 O 2 → O 2 + 2 H + + 2 e -	(6)
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