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Abstract

:

Composite materials of poly(3,4-ethylenedioxythiophene) (PEDOT)/activated carbon (AC) were prepared by ‘in-situ’ polymerization and subsequently deposited by spray-coating onto a flexible electrolyte prepared in our laboratories. Two activated carbons were tested: a commercial activated carbon and a lab-made activated carbon from brewer’s spent grain (BSG). The porous and spongy structure of the composite increased the specific surface area, which helps to enhance the energy storage density. This procedure to develop conductive composite materials using AC prepared from biowaste has the potential to be implemented for the preparation of polymer-based conductive inks for further applications as electrodes in pseudocapacitors.
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1. Introduction


Energy demand has drastically increased around the world with the growing population and due to the rapid development of wearable electronics and microelectronic devices [1]. Unfortunately, the use of renewable energies, such as solar and wind sources presents the inconvenience of its intermittent nature. In this context, energy storage devices have become a key academic and industrial research topic towards a low cost and zero environmental impact energy source, which can be supplied on demand [2]. As a consequence, there is a great interest on developing novel materials for energy storage devices using preferably low cost materials and sustainable methodologies [3,4].



During the past decade, the global supercapacitors market has been growing rapidly as an energy storage source compared to batteries [5]. In comparison to batteries, they are able to charge energy in a faster way and can have much more charge–discharge cycles. Most employed supercapacitors are known as electronic double-layer capacitors (EDLC) due to the electrical double layer generated during the charge process.



In order to increase the capacity of supercapacitors, different active materials have been used. Particularly, conjugated polymers (CPs) have shown promising characteristics as electrodes for supercapacitors. Unlike EDLC, the charge–discharge mechanism in these materials is due to the faradaic reactions, which occur on the bulk and surface between the electrode and the electrolyte [6]. This pseudo-capacitance gives the name of pseudocapacitors, where other materials such as metal oxides have been also used. These pseudocapacitors can be considered intermediate materials between batteries and EDLC in terms of capacity but with much lower cycles and lower power density compared to EDLC [7].



From the point of view of electrode design, diverse strategies can be found in the literature that increase the performance of energy storage devices [1,5,6,8,9]. One interesting approach to take advantage of the characteristics of EDLC-type systems and pseudocapacitors consist in the addition of carbon particles into the polymer matrix of CPs to obtain a composite material. An electrode made of poly(3,4-ethylenedioxythiophene) (PEDOT)–carbon composite exhibited high specific capacitance values and number of cycles due to the semiregular, macroporous nature of the electrode film [10,11,12,13,14,15]. These advances give a way for many other combinations of carbon-conducting polymer composites for energy storage and other applications.



During the last years, alternative carbon materials such as carbon nanotubes or graphene have been proposed as electrode materials for supercapacitors [8,9,14,16,17]. Very recently, Khasim et al. have developed a high performance and flexible supercapacitor using a conductive composite material composed of reduced graphene oxide (rGO) and PEDOT-PSS. A doped PEDOT–PSS:ethylene glycol/rGO composite film demonstrated improved electrochemical performances with specific capacitance of 174 F·g−1 and energy density of 810 W·h·kg−1 [18]. However, the relatively high price of graphene and the agglomeration of these particles have limited its scalability and application in commercial supercapacitors.



Currently, virtually all commercial supercapacitors devices use activated carbon (AC) mostly due to its low cost. Electrochemical performance of AC in the supercapacitors depends on multiple factors such as surface area, pore size and surface functionalities, which have a direct effect to achieve high capacitance, power density and high cycle numbers [19,20]. Despite the mentioned advantages of using activated carbon as active electrode material for supercapacitors, much lower capacity is achieved compared to batteries. Recently, Kaner and co-workers have demonstrated that laser scribing of standard activated carbon electrodes results in the formation of macroporous electrodes, allowing for a new generation of carbon supercapacitors with high areal capacitance (up to 379 mF·cm−2), specific power (up to 5.26 W·cm−3), specific energy (up to 9.05 mWh·cm−3) and low equivalent series resistance (1.6 Ω·cm2) [21].



Over the past two decades, recycling industrial biowaste as precursor of low cost fabrication of activated carbon has been implemented to boost circular economy and develop, among other materials, electrode material for supercapacitors [22,23,24,25,26,27,28,29]. Recently, some authors have used residues from the beer extraction processes or brewer’s spent grain (BSG) as a precursor material for obtaining activated carbon [30,31,32]. This type of biowaste, which has been generally used in the production of animal feed, has turned out to be good candidates for the development of electrode materials for EDLC performance in 0.1 M H2SO4 electrolyte solution, showing high specific capacitance values in the range from 128 to 188 F/g [33].



Moreover, due to the fast development of portable electronic devices, another important and desirable aspect in supercapacitors is flexibility, heading to flexible solid-state supercapacitors. By consequence, there is a need for the development of flexible electrodes and electrolytes, which can have these characteristics [18,34,35,36,37]. Very recently, Hsiao et al. prepared an activated carbon-coated flexible supercapacitor with a fibrous architecture using Tetrapanax papyrifer with a honeycomb-like structure acting as a frame, obtaining a capacitance of 83.9 mF/cm2 and excellent mechanical flexibility [38]. Gupta and co-workers have also developed a high-performance flexible supercapacitors obtained via recycled jute fibers showing a promising specific capacitance of about 51 F/g and temperature dependent performance with over 60% improved specific capacitance at 75 °C [39].



Taking into account the advantages and disadvantages of CPs and AC as active materials for supercapacitors, we carried out an ‘in-situ’ preparation of PEDOT-AC composite materials. Two AC were tested, a commercial AC and a lab-made AC, with different surface area and pore size. Properties of AC and its content in composite materials have an effect in the polymerization reaction and in the formation of composite material, which interactions may have synergic effects on the electrochemical performance of the electrode. Materials were deposited over a flexible gel polymer electrolyte to obtain a flexible electrode–electrolyte system. Finally, the electrochemical properties of these materials were performed to confirm its promising application as flexible pseudocapacitors, obtaining a capacitance value of 25 mF/cm2 and correlating results with electrical conductivity, morphology, homogeneity and chemical composition of the conductive composite materials.




2. Materials and Methods


2.1. Materials


3,4-ethylenedioxithiophene (EDOT), iron(III) p-toluenesulfonate hexahydrate (Fe(Tos)3), imidazole, poly(vinyl alcohol) (PVA; Mw = 300000) and solvents as methanol and diethyl ether (ACS reagents) were purchased from Merck-Sigma Aldrich. Sulfuric acid (96% purity) was purchased from PanReac Quimica SLU (Barcelona, Spain). Commercial activated carbon (CAC; commercial name: NORITTM A SUPRA; surface area of 1700 m2∙g−1) was purchased from Fisher-Scientific (Waltham, MA, USA). The BSG employed for activated carbon preparation was kindly provided by Cerveza MICA (Aranda de Duero, Burgos, Spain).




2.2. Preparation of Activated Carbon from BSG


The preparation of activated carbon from BSG was carried out following the procedure described in the literature [33]. BSG was first washed with hot distilled water and then dried at 110 °C for 48 h. After that, dried BSG was grinded under cryogenic milling by using a Cryomill (Retsch Gmbh, Haan, Germany). The powder obtained was carbonized at 600 °C for 1 h under nitrogen atmosphere. Carbonized BSG was impregnated with 10 mL of an aqueous solution of potassium hydroxide (3.5 M) in a mass ratio BSG:KOH of 1:4, dried at 110 °C for 2 h, and the resulted powder activated at 800 °C under nitrogen atmosphere. Finally, the product was neutralized with distilled water, and subsequently dried at 110 °C for 2 h. The yield of the procedure was 16.5%. Material obtained was denoted as KAC (lab-made activated carbon) and Scheme 1 summarizes the preparation process.




2.3. Preparation of PEDOT-AC Composite Materials


Preparation of PEDOT:Tosylate composite materials was based on a previous work of ‘in-situ’ polymerization of EDOT using Fe(Tos)3 as an oxidizing agent [40]. A solution of Fe(Tos)3 (20.47 g) and imidazole (2.14 g) in 45 mL of methanol was prepared and added dropwise into a solution of 2.2 mL of EDOT in 55 mL of methanol during 25 min under magnetic stirring at room temperature. After 10 min to homogenize the mixture, a solution of corresponding amount of carbonaceous particles (Table 1) in 10 mL of methanol was pre-dispersed during 5 min at room temperature in an ultrasonic bath (Elma®, Elmasonic S40H, f = 37 kHz, Singer, Germany) and added to the mixture. After 3 h, the temperature was increased to 60 °C and was kept for 2 h. Afterwards, 200 mL of methanol were added to the mixture and kept under stirring at room temperature overnight. Finally, the product was filtered using a nylon 66 membrane (pore size = 0.45 μm) and the process was repeated until the color of the filtered solution become colorless. Scheme 2 summarizes the preparation and characteristics of PEDOT-AC composite materials described in this and the previous section.




2.4. Preparation of the Gel Polymer Electrolyte


Preparation of the gel polymer electrolyte was performed according to the literature [41,42]. One gram of H2SO4 was dissolved in 10 g of deionized water. Then, 1 g of PVA was added to the solution and the mixture was kept at 85 °C under magnetic stirring. Stirring continued until the PVA particles were completely dissolved (approximately 1.5 h). After that, the mixture was poured over polytetrafluoroethylene molds of 3 cm diameter. The mixture was kept at room temperature 72 h or until prepared membranes had consistency enough to be manipulated.




2.5. Preparation of Flexible Electrode–Electrolyte Systems


Composite materials were dispersed in diethyl ether (4 mL, 5 mg/mL) with a magnetic stirrer for 24 h before processing. Composite materials were processed by spray-coating the dispersions over the gel polymer electrolyte. Processing was carried over both sides of the electrolyte, by employing 2 mL of the dispersion per side. Scheme 3 represents the preparation of these systems using the electrodes and electrolytes prepared in this work.




2.6. Characterization


Scanning electron microscopy (SEM) micrographs were taken using a Hitachi SU-8000 microscope (Tokyo, Japan). TGA measurements were carried out in a TA Q500 from TA Instruments (New Castle, DE, USA) under nitrogen atmosphere at a heating rate of 10 °C/min up to 800 °C. The sulfur content of materials prepared was obtained using a LECO CHNS-932 Elemental Analyzer (LECO Corporation, St. Joseph, MI, USA). The textural properties of CAC and KAC were characterized by using nitrogen adsorption–desorption isotherms at −196 °C. The measurements were collected with a Micromeritics ASAP 2010 apparatus (Micromeritics, Norcross, GA, USA). Before the analysis, the samples were dried at 200 °C for 6 h under vacuum to remove the adsorbed water. Thus, these samples were transferred into an Ar gas atmosphere glove box after their preparations to prevent the adsorption of water. In a glove box, the sample was added into an analysis cell and the sample weight was calculated from the weight difference of the cell. The cell was sealed with a special cap to prevent the exposure of the sample to the air before the analysis. The surface area measurements were performed according to the Brunauer–Emmett–Teller (BET) method from the nitrogen adsorption points in the range P/P0 = 0.05–0.2. Pore size distribution was determined applying the Barrett–Joyner–Halenda model (BJH) applied to the adsorption branch of the isotherm, assuming cylindrical pore geometry. For each sample, the average pore size was estimated as the diameter corresponding to the maximum of the pore size distribution curve. Total pore volume was taken at a relative pressure P/P0 of 0.985. The as-determined textural properties: BET surface area, pore volume, average pore size and standard deviation for each material by method for three separate measurements, are gathered in Table 2. Raman spectra were obtained using the Renishaw InVia Reflex Raman system (controlled by Renishaw WiRE 3.4 software, Renishaw plc, Wotton-under-Edge, UK). The Raman scattering was excited using an Argon ion laser wavelength of 514.5 nm. The laser beam was focused on the sample with a 0.85 × 100 microscope objective, with a laser power at the sample of approximately 5 mW. The exposure and number of accumulations for the Raman measurements were 10 s and 3 times respectively. X-ray photoelectron spectroscopy (XPS) spectra were recorded using a Fisons MT500 spectrometer (Fison Instruments, East Grinstead, UK) equipped with a hemispherical electron analyzer (CLAM2) and a non-monochromatic Mg Kα X-Ray source operated at 300 W. The samples were fixed on small flat discs supported on an XYZ manipulator placed in the analysis chamber. The residual pressure in this ion-pumped analysis chamber was kept below 10−9 torr during data acquisition. The spectra were collected at a pass energy of 20 eV, which is typical of high-resolution conditions. Spectra were analyzed using CasaXPS software v2.3.15 (Casa Software Ltd., Cheshire, England, UK). The intensities were estimated by calculating the area under each peak after subtraction of the S-shaped background and fitting the experimental curve to a combination of Lorentzian and Gaussian lines of variable proportions. Although specimen charging was observed, it was possible to determine accurate binding energies (BEs) by referencing to the adventitious C1s peak at 285.0 eV. The maximum allowed variation of the binding energy was ±0.2 eV relative to the value specified for peak center. Surface conductivity (σ) of PEDOT:Tosylate and composite materials were obtained using a four-probe setup with a constant current source (CCS-01) and a digital micro-voltmeter (DMV-001) from Scientific Equipment and Services (Roorkee, India). Samples were previously compacted under pressure into pellets of 13 mm of diameter. Ionic conductivity of gel polymer electrolyte was obtained using a Novocontrol GmbH Concept 40 broadband dielectric spectrometer (Montabaur, Germany) in the frequency range between 0.1 and 107 Hz. Samples were placed between two gold-plated flat electrodes applying a voltage of 20 mV. Ionic conductivity was determined in the non-frequency dependent behavior in the graph. Cyclic voltammetry (CV) profiles of electrode–electrolyte systems were recorded using an Autolab PGSTAT30 from Metrohm Autolab B.V. (Utrecht, The Netherlands), samples were placed in a two-electrode cell with a window potential of 1.2 V and a scan rate of 10 mV/s.





3. Results and Discussion


3.1. PEDOT-AC Composite Materials


Table 1 summarizes the main characteristics of PEDOT-derivative composite materials described in this work. Composite materials were denoted according to the polymer PEDOT:Tosylate (‘PTOS’) followed by the type of AC employed (‘CAC’ or ‘KAC’) and finally with a number that corresponds to the AC weight percentage. Pure polymer PEDOT:Tosylate is included as a reference. The filler/EDOT weight ratio corresponds to the weight ratio between the filler and the EDOT monomer before the polymerization reaction. Filler content affects both the polymerization rate of PEDOT and the final weight percentage of AC in the composite material. Then, the polymer content of composite materials was determined through the sulfur content assessed by elemental analysis [43] and corroborated by the residue weight % obtained by TGA (Table S2). Finally, the particle content in Table 1 was obtained subtracting the resulting polymer content. To confirm the values of particle content determined with this method, physical mixtures of pure PEDOT:Tosylate and both AC employed in this work were prepared by mixing aided by a mortar with the same weight percentages as the ones determined for the ‘in-situ’ composite materials. These latter materials were identified adding ‘PM’ (physical mixture) at the end of each sample acronym. The sulfur content of composite materials and physical mixtures were very similar, which confirms the accuracy of the method employed.



Figure 1 shows the morphological differences between composite materials prepared by ‘in-situ’ polymerization and a composite material prepared by physical mixture. SEM micrographs of powders obtained of PEDOT:Tosylate, CAC, PTOSAC32 and PTOSAC32PM are presented. From SEM micrographs it can be seen the granular morphology of PEDOT:Tosylate particles and the CAC particles with polyhedral shape. These phases can be easily distinguished in the physical mixture in contrast to the ‘in-situ’ composite material.



Differences between the composite materials based on KAC are presented in Figure 2. SEM micrographs show the porous and heterogeneous structure presented in KAC particles (see also Figure S1). Contrary to CAC composite materials, it is easier to distinguish between the polymer and the KAC phases for both materials. However, it seems that PEDOT particles tend to cover the KAC surface. Determination of the surface area and pore size between the two AC employed in this work are presented in Table 2. From the information presented, the surface area of CAC (2170 m2/g) is much higher than KAC (900 m2/g). This suggests that CAC composite materials should present higher capacitance values from the contribution of electrochemical double layer capacitance. However, pore size is an important factor, as higher pore size increases the electrolyte accessibility to ions [20]. Hence, both KAC and CAC show promising properties heading to energy storage applications.



The surface chemical composition of both CAC and KAC were investigated by XPS spectra. The C(1s) and O(1s) XPS spectra can be deconvoluted into diverse components corresponding to carbon atoms in different functional groups (Figure S2 and Table S1). Figure 3a shows a main narrow C(1s) peak (285 eV, C-C sp3) accompanied by a higher binding energy component (286.4 eV, C-OH) and a broader peak (289.5 eV, HO-C=O) indicating the presence of more than one type of carbon [44]. Curve fitting of the O(1s) spectrum yields one peak centered at 532.7 eV, which can be attributed to C-O, and a higher binding energy peak (534.1 eV) due to the presence of a high chemisorbed surface water content of 41.7% (Figure 3b). Similarly, to determine the composition of the as-prepared KAC, Figure 3c shows the peak fitting of the high resolution C(1s) spectrum yielding five components at 284.6 eV (C=C sp2), 285.1 eV (C=C sp3), 286.1 eV (C-OH), 287.1 eV (C=O) and 289 eV (HO-C=O). Curve fitting of the O(1s) spectrum relates the signal to various surface oxygenated carbon groups. The low binding energy peak (531.4 eV) is assigned to C=O and the other two peaks match the proposed assignation mentioned above for CAC, 532.7 eV (C-O) and 534 eV (water; Figure 3d). From results shown by the XPS spectra for both AC, it is worthy to mention the successful surface activation of KAC appearing various new surface unsaturated or oxygenated carbon groups compared with CAC [33,45].



The chemical composition of the PEDOT-based composites was also characterized by XPS spectra. Typical carbon spectra (C1s) of PEDOT, including the aromatic C=C of PEDOT at 284.5 eV, the C-O/C-S bonds at 286.7 eV, and the C=O/C=S bonds at 288.7 eV, are demonstrated in Figure S2 [46,47]. The presence of the C=C bond peak (284 eV) is an obvious demonstration of the presence of PEDOT on the surface of CAC-derived composites. Generally, for all PEDOT-derived composites prepared in this work, the presence of the lower binding energy peaks at 164 and 163 eV, spin-split doublets of sulfur atoms in PEDOT backbone, confirms the existence of PEDOT-Tosylate [48].



Thermal stability of PEDOT-AC composite materials was evaluated by TGA as it is presented in Figure 4 (see Figure S3 and Table S2 for further information). Values of T5 and T50 demonstrate the improved thermal stability of composite materials respect to PEDOT:Tosylate. Moreover, the residue obtained at 800 °C has a good correspondence with the CAC content determined by elemental analysis in Table 1, which confirms again the particle content present in the materials prepared.



Dependence of σ values with respect to the AC content is presented in Table 1 and Figure S4. The value of σ decreased when AC content increased. Unfortunately, raw CAC and composite materials with high CAC loading could not be measured because pellets were highly brittle and unable to compress. However, it is known that AC conductivity values ranged between 0.1 and 1 S/cm, thus CAC and KAC σ values were in this value range, which are lower comparing with synthesized PEDOT:Tosylate [8]. From Figure S4 and Table 1 it is observed that σ decreased more than half when particle content was between 5 and 15 wt %. This decrease in σ continued when particle content increased and it seemed that other factors such as the type of AC used, surface area or homogeneity of the material had lower influence on σ values.



The Raman spectra of materials prepared are represented in Figure 5. The Raman spectra show the bands associated to PEDOT and the two AC employed in this work. The bands presented in 1348 cm−1 and 1600 cm−1 correspond to the band D and G respectively associated to AC [49]. The graphitization degree, defined as the ratio of the intensities between the G and D band (IG/ID) was calculated for both AC (Figure S5). Values obtained indicate a higher degree of disorder in CAC. Characteristics PEDOT-Tosylate bands were found in 1436, 1506 and 1555 cm−1, which are present in the spectra of composite materials [50]. The heterogeneity of PTOSAC32PM is confirmed in Figure S5, where different measurements were performed in four regions of the sample. The difference in peak intensities of PEDOT and CAC confirmed the heterogeneity of the samples, in contrast to the composite material.




3.2. Electrode–Electrolyte Systems


The ionic stability of the gel polymer electrolyte was determined by measuring the ionic conductivity versus time of the electrolyte presented in Figure 6. The first ionic conductivity measurement of the electrolyte was obtained when the material had enough consistency for handling. Ionic conductivity shows and considerable decrease during the first ten days. It is important to note that the relative error of measurements was determined considering differences of thickness of the sample before and after the ionic conductivity measurement. Those thickness differences do not occur or are negligible after day 8, which are attributed to the gel formation and evaporation of residual water. From the eighth day onwards, ionic conductivity values remains relatively constant (≈20 mS/cm) until a period of 55 days demonstrating the stability of this electrolyte. It is important to highlight that despite in the literature some PVA electrolyte systems are widely used in supercapacitors applications [51], to our knowledge, very little details are found in literature about the ionic conductivity and stability of these materials with respect to time.



CV curves of most interesting samples are represented in Figure 7a. It is worth mentioning that all electrode–electrolyte systems were prepared until the electrolyte had enough consistency to be manipulated and presented a stable ionic conductivity, which is after approximately 15 days. As it is presented in Scheme 2, diethyl ether was used to disperse the composite materials and spray over the electrolyte. Other solvents like ethanol or methanol were tested, however, the election of diethyl ether was due to three reasons: (1) easy dispersion of the electrode; (2) fast volatilization of the solvent hindering phase separation and (3) non-visible interaction with the electrolyte. The curves obtained shows the rectangular shape produced from EDLC capacitance but also the non-ideal behavior accused of a faradaic pseudocapacitance. Capacitance per surface area (Csup) was calculated from the CV curves and results obtained are presented in Table 3. Csup and σ values were correlated in Figure 7b. Despite that pure PEDOT:Tosylate had the highest conductivity, this property did not have a direct effect on the electrochemical performance as shown in the CV curves. The addition of AC in the polymer matrix improved the capacitance values with respect to the pure polymer, due probably to the higher surface area, which is beneficial for the ion diffusion through the electrolyte. Comparing the Csup values of PTOSCAC32 and PTOSCAC32PM, an increment of Csup of the composite material in comparison to a physical mixture was observed. Moreover, the concomitant increase of capacitance with the CAC content up 50 wt % was demonstrated as shown by PTOSCAC50 [19].



Nevertheless, the case of KAC did not follow the same behavior as CAC. PTOSKAC50 shows a poor electrochemical performance with a Csup value even lower than raw PEDOT:Tosylate. This effect can be explained to the porosity, which is mainly macroporous in KAC, and to the lower surface area compared to CAC. The high percentage of KAC in this sample shows large PEDOT-free zones making the surface area and pore size the ones that directly drives the electrochemical properties of this composite material.



However, PTOSKAC15 shows the highest Csup despite the lower surface area of KAC and the lower conductivity. The explanation of this performance is not easy to discuss. However, there is evidence, which leads us to think that KAC in moderate concentrations may act as a scaffold for PEDOT-Tosylate polymerization inside the pores [52]. When PEDOT is distributed into the AC pores a hybridization occurs due to the high energy densities of the redox-active materials, giving PEDOT a high surface-to-volume ratio, which improves both the energy and power density and limiting the distance for ion diffusion inside PEDOT [53]. The formation of nano-structured PEDOT into AC pores and surface (Figure 2) results to a suitable surface morphology for the fabrication of the electrodes. The value of capacitance is higher compared with the CAC electrode and to the single PEDOT electrode. This surface morphology in PTOSKAC15 could be different from that observed for the composite materials prepared with CAC due to its differences in pore size, specific surface and the presence of PEDOT (not only coating the KAC surface, but also inside the pores), not being observed the hybrid behavior shown by PTOSKAC15. Some authors have also attributed this behavior to the combined effect of double layer and redox capacitance [19].



To corroborate this behavior, C(1s), O(1s) and S(2p) XPS high resolution spectra are shown in Figure 8, with further details of signals in Table 4. As shown, the C=C and C-O content in KAC15 increased after redox polymerization of PEDOT. Meanwhile, C(1s) KAC peaks at between 286 and 289 eV, which were typically assigned to epoxide, hydroxyl, carboxyl and acid groups (Figure 3) were significantly weakened or completely vanished. This fact revealed that most of these groups also reacted during redox polymerization plentiful hybridizing the surface and pores of KAC with PEDOT as revealed the also remarkable increase of O-C (532 eV, 65.6% area) and also the decrease of S-O (166.2 eV, 17.2% area) in O(1s) and S(2p) spectra, respectively. This observation could confirm the unusual Csup value obtained by CV by assuming the formation of small PEDOT particles, homogeneously covering the entire surface and pores in PTOSKAC15, obtaining a material with a new hybrid behavior compared to the rest of composite materials. This hybrid composite material has strong π–π interaction between PEDOT chains and KAC, as well as a good compatibility between the C=C and oxygenated surface groups on KAC and PEDOT-Tosylate chains. This π–π strong interactions cause the red shift of C=C, C-S, S-S and S-O bonds [54] in PTOSKAC15 material demonstrating the synergistic effect of KAC and PEDOT (Figure 8).





4. Conclusions


PEDOT-AC composite materials were prepared by performing ‘in-situ’ polymerization of EDOT in the presence of AC particles. Two types of AC were used, commercial CAC and KAC where the latter was successfully prepared from biowaste residues of the beer industry. Properties of both AC employed such as the surface area, pore size and AC content had an effect on the properties of the composite material. The value of σ of composite materials decreased when AC content increased. This is independent of the AC used, particle morphology and homogeneity of these materials.



A fast and scalable methodology, which consisted of spraying dispersions of composite materials employed as electrodes over a gel polymer electrolyte, was carried out in order to obtain flexible electrode–electrolyte systems.



Despite that σ values of composite materials were lower compared with the raw polymer, some composite materials exhibited promising properties heading to supercapacitors applications. Particularly PTOSKAC15 showed an improved electrochemical higher than pure PEDOT:Tosylate, obtaining a Csup value of 25 mF/cm2. This performance is explained due to the formation of a hybrid material where KAC acts as a scaffold for EDOT polymerization inside the pores. Electrochemical behavior of that material is promising, and an extended electrochemical characterization is needed to confirm the feasibility of these hybrid composite materials in a real device.
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Scheme 1. Preparation methodology for poly(3,4-ethylenedioxythiophene) (PEDOT)–activated carbon (AC) composite materials. 
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Scheme 2. Preparation methodology for poly(3,4-ethylenedioxythiophene) (PEDOT)–activated carbon (AC) composite materials. 
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Scheme 3. Preparation of flexible electrode–electrolyte systems. 
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Figure 1. SEM micrographs of PEDOT:Tosylate, CAC, PTOSAC32 and PTOSAC32PM. Micrographs correspond to 50k× magnification. 
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Figure 2. SEM micrographs of KAC and PEDOT-KAC composite materials. Micrographs correspond to 20k× magnification and the enlargement of the yellow boxed area corresponds to 50k× magnification. 
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Figure 3. C(1s) and O(1s) XPS spectra of CAC (a,b) and KAC (c,d). 
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Figure 4. TGA curves (a)of CAC (red), KAC (olive); PEDOT:Tosylate (black); PTOSCAC59 (blue) and PTOSKAC50 (purple). 
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Figure 5. Raman spectra of PEDOT-activated carbon composite materials spectra of PEDOT:Tosylate (black), CAC (red), KAC (green), PTOSAC32 (blue), PTOSAC32PM (purple) and PTOSKAC15 (violet). 
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Figure 6. Ionic conductivity evolution of the gel polymer electrolyte over time. 
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Figure 7. CV curves of electrode–electrolyte systems prepared (a) and Csup values of electrode–electrolyte systems (blue bars). σ values of composite material used as electrodes (b). 
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Figure 8. C(1s), O(1s) and S(2p) XPS spectra of PTOSKAC15. 
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Table 1. Characteristics of PEDOT-AC composite materials prepared.
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	Material
	Carbon Filler
	Filler/EDOT Weight Ratio a
	Particle Content (wt %) b
	σ

S/cm





	PEDOT:Tosylate
	-
	
	0
	8.4



	PTOSCAC6
	CAC
	0.10
	6
	4.0



	PTOSCAC32
	CAC
	0.15
	32
	2.0



	PTOSCAC59
	CAC
	0.20
	59
	1.7



	PTOSCAC79
	CAC
	0.30
	79
	- c



	PTOSKAC15
	KAC
	0.07
	15
	3.3



	PTOSKAC50
	KAC
	0.10
	50
	0.9







Footnotes: Fe(Tos)3/EDOT molar ratio = 2.3; a weight ratio before polymerization; b particle weight % of composite materials calculated by EA; c unable to measure due its brittleness.
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Table 2. Surface area, pore volume and average pore size of commercial activated carbon (CAC) and KAC.
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	AC
	Surface Area (m2/g)
	Pore Volume (cm3/g)
	Average Pore Size (nm)





	CAC
	2170.1 ± 0.3
	1.10 ± 0.02
	2.02 ± 0.02



	KAC
	900.3 ± 0.3
	0.51 ± 0.01
	5.23 ± 0.03







Footnote: surface area, pore volume and average pore size values and the standard deviation for each material by method for three separate measurements.
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Table 3. Characteristics of electrode–electrolyte systems prepared.
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	Electrode
	Csup (mF/cm2)





	PEDOT:Tosylate
	20



	PTOSCAC32
	6



	PTOSCAC32PM
	4



	PTOSCAC50
	12



	PTOSKAC15
	25



	PTOSKAC50
	1
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Table 4. Subdivision of carbon, oxygen and sulfur signals for PTOSKAC15.
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C (1s)

	
O (1s)

	
S (2p)




	
B.E. (eV)

	
Area (%)

	
B.E. (eV)

	
Area (%)

	
B.E. (eV)

	
Area (%)






	
PTOSKAC15

	
286.4

	
18.3

	
533.4

	
12.6

	
166.2

	
17.2




	
285.1

	
47.9

	
532

	
65.6

	
164

	
32.3




	
283.6

	
33.8

	
530.2

	
21.8

	
162.7

	
50.5
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