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ABSTRACT 

Solid-state organic electrochemical supercapacitors (OESCs) have been fabricated 

using poly(3,4-ethylenedioxythiophene) (PEDOT) electrodes, a biohydrogel as 

electrolyte system, and polyaniline fibers as redox additive. The effectivity of sodium 

alginate, -carrageenan, chitosan and gelatin hydrogels as electrolytic media has been 

evaluated considering different criteria. Results indicate that -carrageenan-based 

hydrogel is the most suitable to perform as electrolyte due to the appropriate 

combination of properties: mechanical stability, ease of preparation, lack of water 

leaking, and good medium for the electrochemical response of PEDOT electrodes. 

Cyclic voltammetry and galvanostatic charge-discharge assays indicate that OESCs 

based on PEDOT electrodes and -carrageenan hydrogel as electrolyte exhibits a good 

supercapacitor response in terms of specific capacitance, cycling stability, small leakage 

current and low self-discharging tendency. On the basis of these good properties, four 

OESC devices were assembled in series and used to power a red LED, confirming that, 

in addition to advantageous characteristics (e.g. elimination of liquid leaking and 

enhancement of the device compactness), the designed biohydrogel-containing OESC 

exhibits potential for practical applications. On the other hand, preliminary assays have 

been performed loading the -carrageenan hydrogel with polyaniline nanofibers, which 

act as a redox additive. OESC devices prepared using such loaded biohydrogel have 

been found to be very promising and, therefore, future work is oriented towards the 

improvement of their design. 

 

Keywords: Biohydrogel; Biopolymer; Energy storage; Hydrogel electrolyte; 

Polyaniline; Polythiophene; Redox additive; Solid-state supercapacitor  
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INTRODUCTION 

Global concerns on green-chemistry and sustainable development have oriented 

research and technological developments towards more eco-friendly approaches. This is 

particularly important for energy-related issues due to both the depletion of fossil fuels 

and the negative environmental effects that they generate. Within this context, efforts  

are being made to (i) shift to renewable energy sources; and (ii) design high-

performance energy storage devices (i.e. batteries and capacitors) using eco-friendly 

materials. Batteries display low-power densities although they have high-energy 

densities, whereas the opposite is true for conventional capacitors.
1
 In between, 

electrochemical capacitors, also called supercapacitors (ESCs), have recently been 

designed with advanced functionalities via environmentally-friendly processes. These 

systems exhibit high power and energy densities without compromising their cycling 

stability or other features.
2-4 

Furthermore, the development of nanostructured electrode 

materials and the better understanding of the energy-storage mechanisms have 

contributed to improve the performance of ESCs and to bridge the gap between 

electrochemical capacitors and batteries in terms of energy density.
5-10

  

Depending on the energy-storage mechanism, electrode materials are divided in two 

different main groups. In the first one the capacitive behaviour solely relies on the 

electrostatic interactions (adsorption) between electrolytic ions and the electrode surface 

(i.e. electrical double-layer capacitance), while faradaic reactions contribute to the 

overall capacitance (i.e. pseudocapacitance) in the second group.
11

 Electroactive 

conducting polymers (ECPs) belong to the latter group and render promising electrodes 

in organic electrochemical supercapacitors (OESCs) due to their cost-effectiveness, 

lightweight and flexibility.
12

 In fact, ECPs display pseudocapacitance behavior as a 

result of: (i) the redox mechanism (i.e. charge is stored by electron transfer to the 
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polymer with ion pairing to stabilize the charge); and (ii) the double-layer behavior of 

doped ECPs, which allows resonance throughout the conjugated structure of the 

polymeric backbone. In a recent work, Mike and Lutkenhaus
13

 extensively reviewed the 

advances of ECPs in the energy storage field. Among ECPs, poly(3,4-

ethylenedioxythiophene) (PEDOT) has been widely used for the fabrication of OESCs 

because of its outstanding capacitive performance, good electrical conductivity, high 

doping rate, stable charge-discharge response, easy of synthesis and advantages in 

cost.
14-18

  

On the other hand, ECP-based hydrogels are receiving increasing attention,
18,19 

specially for their application as electrodes in OESCs devices.
20-23

 For example, 

multifunctional polyaniline (PAni) hydrogels, with high surface area and three-

dimensional porous nanostructure, displayed excellent electronic conductivity and 

electrochemical properties.
22

 As supercapacitors, such PAni hydrogels exhibited high 

specific capacitance and cycling stability. Similarly, the specific capacitance displayed 

by nanostructured conductive polypyrrole (PPy) hydrogels supported their application 

as supercapacitor electrodes.
23

 

Eco-friendly innovative strategies have been undertaken to improve the performance 

of energy storage devices considering different strategies,
24-30

 as for example the design 

of both electrode materials and redox electrolytes
24

 using natural resources for electrode 

materials (e.g. PAni in sodium alginate)
25

 and aqueous-based solutions as electrolytic 

system (e.g. KOH, H2SO4 and Na2SO4).
26

 Regarding the electrolyte system, solid-state 

supercapacitors, which are formed not only by solid electrodes but also by a solid 

electrolyte system (SES), have attracted increasing attention because of their 

advantageous characteristics: high specific/volumetric energy density, flexibility, light-

weight and easy of handling in comparison to conventional capacitors.
31,32

 Furthermore, 
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SES reduce or eliminate leakage of any liquid component and increase the device 

compactness.  

Polymeric materials used as SESs can be classified in three groups: (1) gel-based 

materials (e.g. polyacrylamide or agar); (2) polymers with dissolved salts (e.g. lithium 

perchlorate in polyethylene oxide); and (3) polyelectrolytes. Interestingly, recent studies 

focus on eco-friendly electrolytes for high-performance solid-state supercapacitors. For 

example, Buchtová et al.
33

 prepared an ionogel based on a chemically cross-linked 

polysaccharide matrix and a hydrophobic ionic liquid as a greener alternative to 

petrochemical-based polymeric SESs. Choudhury et al.
34

 reviewed that gel-polymer 

electrolytes frequently require using organic solvents during the gelation process, which 

is environmentally malignant. Hence, replacement of organic solvents with water in 

these electrolytic systems is highly desirable in terms of sustainability, also minimizing 

the device cost substantially. However, water-containing gel-polymer electrolytes –

hydrogel-polymer electrolytes– limit the operating potential-window (i.e. ∼1.23 V 

only).
34

 Within this context, the performance of some ESCs has been improved using 

biohydrogels (e.g. sodium alginate, hydroxycellulose, gelatin and chitosan).
34-38

 For 

example, the electrochemical performance of the Si/C anode of Li-ion batteries was 

enhanced by applying a cross-linked alginate hydrogel binder.
35 

This work develops greener and more sustained energy storage devices by replacing 

conventional liquid electrolytic systems with biohydrogels in OESCs. If properly 

designed, biohydrogels are safe (i.e. non-toxic, non-flammable, and non-leakage), cheap 

and easy to prepare; they exhibit high-ionic conductivities and can be obtained from 

renewable sources. In spite of the advantageous outcome of biohydrogel-based systems 

as sustainable energy storage devices, caution is required since the electrolyte system 

plays a crucial role in determining the capacitor response. Thus, if not appropriately 
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conceived, the ion-diffusion rate in hydrogels may be poorer than that shown by liquid 

electrolytes, and thus limiting the final application of the energy storage device. In this 

work, Na-alginate, -carrageenan, chitosan and gelatin hydrogels (Scheme S1) have 

been combined with ECPs to fabricate OESC devices. More specifically, after a two-

step selection process, the most appropriate biohydrogel constituted the electrolyte in a 

device containing PEDOT electrodes and PAni nanofibers (PAni-nfs) as redox additive.  

 

METHODS 

Materials. For the synthesis of PEDOT electrodes, 3,4-ethylenedioxythiophene 

(EDOT, 97%) was purchased from Sigma-Aldrich (483028); acetronitrile (Reag. Ph. 

Eur. for analysis, ACS) was purchased from Panreac (Spain); LiClO4 from Sigma-

Aldrich (ACS reagent, ≥ 95.0%) was stored in an oven at 70 °C before use. For the 

synthesis of PAni nanofibers, aniline (ACS reagent ≥ 99.5%) and ammonium 

peroxodisulfate (ACS reagent ≥ 98.0%) were purchased from Sigma-Aldrich.  

The biopolymers used were all purchased from Sigma-Aldrich. Specifically, alginic 

acid sodium salt from brown algae-low viscosity (A2158, 100-300 cP, 2 % (25 °C)), κ-

carrageenan sulfated plant polysaccharide (22048, 5-25 mPa.s, 0.3% in H2O (25 ºC)), 

gelatin from porcine skin (gel strength 300, type A G2500), and chitosan medium 

molecular weight (448877, 200-800 cP, 1 wt. % in 1% acetic acid, 25 ºC). 

Other reagents used during the preparation of biohydrogel-based electrolytes 

included: sodium chloride coarse salt QP (Panreac Química S.L.U., Spain), potassium 

chloride GR (Merck), maleic anhydride (Fluka Analytical, puriss., ≥ 99.0% NT), 

formaldehyde solution (ACS reagent, 37 wt. % in H2O, contains 10-15% methanol as 

stabilizer, Sigma-Aldrich), acetic acid min. 99.5% (POCH), ethanol 96% v/v (USP, BP, 
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Ph.Eur. pure-pharma grade) and sodium hydroxide (pellets) both from Panreac Química 

S.L.U., Spain. 

Materials preparation. PEDOT electrodes were prepared by chroamperometry (CA) 

under a constant potential of 1.40 V and using LiClO4 as supporting electrolyte. Details 

about the preparation procedure are provided in the ESI. The polymerization charge was 

adjusted to 2.67 C (445 mC/cm
2
), which corresponded to a mass of polymerized 

PEDOT of 1.69  0.23 mg. 

A brief description of Na-alginate, -carrageenan, gelatin and chitosan as well as of 

the procedures used for the preparation of their hydrogels is provided in the ESI.  

Preparation of OESC energy storage devices. As a general procedure, OESC 

devices with biohydrogel-based electrolytes were prepared 24 hours before testing, and 

the electrolyte gelation proceeded with the electrodes placed in situ to achieve both a 

better contact between PEDOT and the hydrogel at the electrode/electrolyte interface, 

and to preserve the integrity of the ECP film (i.e. in some cases, as for example -

carrageenan and gelatin, insertion of the PEDOT electrode after the gelation step would 

damage the ECP film due to the rigidity of the hydrogel). Moreover, to ensure a correct 

functioning of the biohydrogel as electrolyte, 0.1 M NaCl was mixed in the biopolymer 

solution prior to gelation.  

PEDOT electrodes were correctly fixed inside the OESC container (i.e. glass vial or 

plastic cup for devices with two- or three-electrode configuration, respectively, Scheme 

S2), leaving 1 cm of separation between them. Teflon
®
 films were used to limit the area 

of PEDOT (6 cm
2
), and thus prevent the exposure of steel and its contacting with the 

hydrogel. Once the biopolymer solution was prepared (ESI), the container was filled 

with approximately 20-25 mL to fully cover the electrodes. Except for chitosan, all 

OESC devices were prepared following such steps, albeit slight differences arose during 
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the gelation step according to each procedure, namely regarding the gelation 

temperature (ESI). Due to the poor mechanical properties of chitosan hydrogel (see next 

section), for chitosan-containing devices, PEDOT electrodes and the reference electrode 

(when required) were inserted with extremely caution into the biohydrogel electrolyte 

after gelation. Finally, OESC devices were maintained at low temperature (4-6 °C, 

fridge) before their electrochemical characterization.  

In case of the three-electrode configuration, the reference electrode was not placed in 

the container before the gelation step, but a glass tube with open ends was used instead 

(Scheme S2b). 1-2 mL of phosphate buffered solution (PBS, pH 7.4) were introduced in 

the glass tube, and let to diffuse through the electrolyte hydrogel overnight to provide a 

good contact between the biohydrogel-based electrolyte and the reference electrode 

when introduced in the glass tube prior the electrochemical assays.  

Hereafter, the OESC devices with biohydrogel-based electrolyte using Na-alginate, 

-carrageenan, chitosan and gelatin will be referred as OESC-NaAlg, OESC-κC, 

OESC-Chi and OESC-Gel, respectively.  

Characterization. The Electronic Supporting Information (ESI) provides details of 

the equipment and conditions used for characterization by optical microscopy, UV-vis 

spectroscopy, scanning electron microscopy (SEM) and atomic force microscopy 

(AFM), as well as for electrical conductivity measurements. 

Electrochemical characterization. Electrochemical cells in three- and two-electrode 

configurations were assembled for electrochemical characterization: the former was 

suitable for the fast characterization of the electrode material (i.e. characterization of the 

PEDOT working electrode), whereas the latter was used to evaluate the supercapacitor 

performance of OESC devices under specific working conditions (i.e. the response of 

the whole cell).  
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Accordingly, the electrochemical response of PEDOT in different biohydrogel 

electrolytic media was first studied using a three-electrode cell configuration. The 

counter electrode (CE) was made of bare stainless steel, while an Ag|AgCl electrode 

containing saturated KCl aqueous solution (E
0
 = 0.222 V vs. standard hydrogen 

electrode at 25 °C) was used as reference electrode (RE). The electrochemical activity 

and stability (electroactivity and electrostability, respectively) of PEDOT in the 

different electrolytic media were determined by cyclic voltammetry (CV) after applying 

50 consecutive oxidation-reduction cycles. The initial and final potential was -0.2 V, 

whereas the reversal potential was 1.0 V. All measurements were performed at room 

temperature using a scan rate of 50 mV/s. The electrostability was quantified as the loss 

of electroactivity (LEA; in %): 

  (1) 

where ΔQ is the difference between the oxidation charge (in C) of the second (Q2) and 

the evaluated oxidation-reduction cycle (Q#). Data were obtained as the average of three 

samples for each system. 

Secondly, the performance of OESC devices (WE= CE= PEDOT) using different 

biohydrogel electrolytic media was evaluated in a two-electrode configuration. 

Galvanostatic charge-discharge (GCD) cycles were run between 0.0 and 0.8 V. 

Different current densities (i.e. charge and discharge rates, which are specified in units 

of current per electrode mass) were considered: 0.276, 0.692, 1.382, 2.764 or 5.529 A/g 

that corresponded to 0.467, 1.168, 2.336, 4.672 and 9.344 mA, respectively. All 

electrochemical experiments were run in triplicate and results presented in this work 

correspond to the averaged data. 

2Q
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The specific capacitance (SC, F/g), which is the capacitance per unit of mass for one 

electrode, was derived from the GCD assays and calculated by applying the following 

expression:  

  (2) 

where C (in F) is the measured capacitance for the two-electrode cell and m the total 

mass of the active material in both electrodes (i.e. 3.38·10
-3

 g). The mass of PEDOT 

deposited during polymerization was determined as the weight difference between 

coated and uncoated steel sheets (ESI). The multiplier 4 adjusts the capacitance of the 

cell and the combined mass of the two electrodes to the capacitance and mass of a single 

electrode.
39

 The cell capacitance was obtained from the GCD curves using the following 

equation: 

  (3) 

where I is the discharging current applied to the device. As the pseudocapacitance varies 

with the voltage, dV/dt was calculated as (Vmax – ½Vmax)/(t2 – t1), where Vmax 

corresponds to the highest voltage in the GCD curve after the voltage drop (Vdrop) at the 

beginning of the discharging process.  

Although GCD evaluation is the procedure most commonly used to determine the SC 

values of a pseudocapacitor, CV can also provide this information. Cyclic 

voltammograms were recorded from 0.0 to 0.8 V after five consecutive redox cycles at 

scan rates of 10, 25, 50, 75, 100, 150 and 200 mV/s. Again, by applying Eqn 2 and 3 the 

SC of the OESC device can be determined. In this case, I is considered as the average 

current during the discharge step (from 0.8 V to 0 V); and dV/dt is the scan rate used. 

m

C
SC 4

 
dt

dV

I
C 
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The coulombic efficiency (η, %) of OESC devices was evaluated as the ratio 

between the discharging and charging times (td and tc, respectively) for the 

electrochemical window between 0.0 V and 0.8 V: 

   (4) 

The cycling stability of the as-prepared OESC devices was studied by applying 500 

charge-discharge cycles at a current density of 1.382 A/g in the two-electrode 

configuration from 0.0 to 0.8 V, which corresponds to tc and td of approximately 20-23 

seconds. It is recommended that the current should be adjusted to provide charge and 

discharge times in the range between 5 and 60 seconds.
39 

The time-dependence 

evolution of the OESC electrochemical characteristics was determined after 1 week by 

repeating the GCD test (500 cycles). 

Finally, the maximum energy density (Emax, Wh/kg), which is the amount of energy 

stored per unit of mass, and the power density (Pmax, W/kg), which describes the speed 

at which the energy stored can be delivered, can be derived from the GCD curves by 

applying the following equations:
40

 

   (5) 

   (6) 

   (7) 

where Vmax corresponds to the highest voltage in the GCD curve after the voltage drop at 

the beginning of the discharging process, m is the total mass of the active material in 

both electrodes (i.e. 3.38 mg) and Ri is the internal resistance. 

c

d
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Moreover, the evaluation of the leakage current and self-discharging curves of 

selected OESC devices has been carried out. In the first case, after charging the device 

to 0.8 V at 2.334 mA (i.e 1.381 A/g), it was kept at 0.8 V for 5 min while recording the 

current data through the OESC (i.e. leakage current). In the second case, the OESC was 

charged to 0.8 V at 2.334 mA and kept at 1·10
-11

 mA for 10 min (self-discharging). 

After that time, the device was discharged to 0.2 V at -1.0 mA. 

Preparation and characterization of OESC energy storage devices with PAni 

nanofibers-containing biohydrogels. PAni nanofibers (PAni-nfs), which were prepared 

using the procedure described in the ESI, were introduced at bulk -carrageenan 

hydrogel using the procedure described in Scheme 1. -Carrageenan (25 mL) was 

dissolved in water at 4% w/v at ca. 75-80 ºC. On the other hand, a solution of 0.5 g 

PAni-nfs was prepared in 25 mL of 0.01 M HCl. After dispersing PAni-nfs by 

ultrasonication (10 min), both solution were mixed and stirred for 10 min. Then, the 

corresponding volume of 1 M KCl (10% v/v) was added, and the solution stirred 

vigorously again. The gel was formed at room temperature for several hours. Finally, 

OESC energy store devices were prepared as described previously, even though in this 

case the hydrogel-based electrolyte was loaded with PAni-nfs (1% w/w).  

Initially, the electrochemical response of PEDOT in biohydrogels loaded with PAni-

nfs was preliminary examined in a three-electrode configuration using bare stainless 

steel as CE and a Ag|AgCl electrode containing saturated KCl aqueous solution (E
0
 = 

0.222 V vs. standard hydrogen electrode at 25 °C) as RE. The electroactivity and 

electrostability (Eqn 1) of PEDOT were determined by CV, applying 50 consecutive 

oxidation-reduction cycles. The initial and final potential was -0.4 V, while the reversal 

potential was 1.0 V. All measurements were performed at room temperature using a 
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scan rate of 50 mV/s. After these electrochemical measurements, the applicability of the 

PAni-nfs-containing OESC was examined. 

 

RESULTS AND DISCUSSION 

Preparation of PEDOT electrodes 

PEDOT electrodes were obtained by chronoamperometry (CA). In this 

electrochemical technique the potential of the working electrode is stepped and the 

current resulting from faradaic processes at the electrode (caused by the potential step) 

is monitored as a function of time. For this study the employed potential was 1.40 V and 

a polymerization charge of 2.67 C was imposed (details provided in the ESI). Under 

these electrochemical conditions, as prepared PEDOT films exhibited a thickness of 

4.25  0.36 m, an electrical conductivity of 0.52  0.16 S/cm, and a mass of 1.69 ± 

0.23 mg. The morphology and surface topography of thin film electrodes (i.e. those with 

a thickness below 10 m) affect the SC and ion diffusion characteristics of 

nanostructured capacitors.
17,39,41

 For example, the SC of PEDOT electrochemically 

polymerized thin films is ca. 100 F/g,
42

 decreasing to < 20 F/g, < 60 F/g or < 100 F/g 

when designed as tracked blocks,
43

 nanoparticles
44

 or micro/nanorods,
45

 respectively. 

Within this context, it should be emphasized that the SC of ECP-based electrodes can be 

significantly enhanced with respect to these values by changing the working electrode 

(e.g. replacing the steel electrode using in this work by nickel, copper, gold or 

platinum), optimizing the oxidizing agent (LiClO4 in this work), adding metallic or 

ceramic nanoparticles, carbon nanotubes or graphene, etc.
46

 However, this work is 

focused on the replacement of the liquid electrolytic medium by a selected biohydrogel 

and, therefore, a simple PEDOT electrode has been used during the whole work.  

https://en.wikipedia.org/wiki/Working_electrode
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Figures S1 and S2 display details on the morphological and topographical 

characterization of prepared PEDOT electrodes. In relation to the morphology, PEDOT 

films present a sponge-like surface with pores that facilitate the access and escape of 

electrolyte ions during electrochemical redox processes (Figure S1). Hence, this 

morphology results in thin-films with a continuous open structure and void spaces that, 

if properly infiltrated by the biohydrogel-based electrolyte during the gelation step, 

would enhance the pseudocapacitance of the OESC device.  

AFM images are in good agreement with SEM observations. Specifically, cross-

section profiles evidence that PEDOT aggregates of varying size and height (between 1 

and 3 µm) are distributed throughout the surface. In consequence, the root mean square 

roughness (Rq) of the surface varies depending on the analysed area: from 487 ± 82 nm 

for areas (5  5 µm
2
) with a relatively homogenous topography to 635 ± 79 nm for those 

areas (20  20 µm
2
) in which bigger clusters are identified (Figure S2). 

It is worth noting that the pseudocapacitance response of ECPs electrodes with 

porous morphology and large specific surface is favoured area since these structures 

promote fast ion and electron transportation, which in turn allow for higher charge 

storage and release by faradaic reactions. Although both SEM and AFM 

characterization techniques have provided reliable information of the morphology and 

surface topography of PEDOT electrodes, Brunauer–Emmett–Teller (BET) analyses 

would allow to report specific values for the surface area and porosity. Unfortunately, in 

this case the BET analysis was not a feasible technique because of the limitations in the 

mass of PEDOT produced by the electrochemical synthetic route. Indeed, it is worth 

noting that the amount of works specifying quantitatively the surface area and porosity 

is relatively scarce
47-51

 probably due to the limitations of the BET test. Thus, the 

morphology of PEDOT electrodes for energy storage applications is frequently 
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described qualitatively by examining SEM micrographs, especially when the polymer is 

generated by anodic polymerization.
52,53

 

In a very recent study Zhang and Suslick
47

 reported the preparation of PEDOT 

microspheres by polymerizing nebulized microdroplets of solutions containing EDOT 

monomers and oxidants, using an ultrasonic spray polymerization (USPo) technique.
47

 

The BET surface area of the porous microspheres obtained in presence of FeCl3 was 49 

m
2
 /g, which was comparable to the surface area of nanoporous PEDOT monoliths (26 

m
2
 /g) reported in a previous work.

48
 It should be emphasized that Zhang and Suslick

40
 

used such spraying technology to coat flat surfaces of silicon wafer, the morphology of 

the resulting PEDOT coating being similar to the one displayed by our PEDOT 

electrodes in Figure S1. Because of that, we consider that a BET surface area value 

reported by Zhang and Suslick
47

 (ca. 30-50 m
2
/g) may be extrapolated to our system. 

On the other hand, Han et al.
49

 prepared composites based on graphite oxide (GO) 

and PEDOT composites as supercapacitors. The presence of GO was expected to 

reinforce the stability of PEDOT and maximize its pseudocapacitance. In this case, 

PEDOT was obtained using in situ chemical oxidative polymerization. The BET 

specific surface area of the resulting GO/PEDOT composites was 19 m
2
/g.

49 
Mukkabla 

et al.
50

 compared the redox pseudocapacitive behavior of NiS2 microspheres embedded 

in a PEDOT layer with that of pristine PEDOT. The electrodes were prepared 

electrochemically under potentiostatic conditions using an ionic liquid. SEM 

micrographs evidenced the presence of irregular particles of a few microns in size that 

were distributed randomly throughout the surface of pristine PEDOT films. Because of 

that, the BET surface area of pristine PEDOT films was found to be very low (2 m
2
/g).

50
 

Therefore, even though the electrochemical preparation of PEDOT electrodes is similar 

to ours, the morphology of the resulting films is not comparable and, therefore, our 
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PEDOT electrodes are expected to show greater surface area values. However, the 

scarce number of publications reporting this parameter obliges to take it under 

consideration. Mukkabla et al.
51

 have also reported the design of Bi2S3/GO composites 

enwrapped by a PEDOT coating as the anode in Li-ion batteries, Bi2S3/GO/PEDOT 

composite films being prepared by chemical polymerization. The BET specific surface 

areas of pristine Bi2S3, Bi2S3/GO and Bi2S3/GO/PEDOT were 12, 51 and 46 m
2
/g, 

respectively, while the pore volumes were 0.008, 0.034, and 0.035 cm
3
/g, respectively. 

Finally, although the study of Chao et al.
54

 does not involve the use of PEDOT, it 

deserves special consideration because of the morphology of the studied system. More 

specifically, porous SnS and SnS2 architectures were produced with a morphology that 

closely resembles the one displayed by the PEDOT electrodes designed in this work: a 

porous flower-like microstructure. BET analyses revealed that the surface areas of 

porous SnS and SnS2 structures are 66 m
2
/g and 33 m

2
/g, respectively.

54
  

In summary, although the surface area of the PEDOT electrodes used in this work 

has not been determined due to the operational restrictions of the BET test, the revised 

literature described above allows us to suggest that this value would be found between 

30 and 50 m
2
/g.  

 

Preparation and selection of biohydrogels as electrolyte system 

Figures S3a and S3b display images of the prepared hydrogels (bulk) and of the 

OESC-biohydrogel devices in a two-electrode configuration, respectively. Hydrogel-

based electrolytes derived from Na-alginate and chitosan are opaque and exhibit poor 

mechanical integrity (i.e. they disintegrate when submitted to stress) in comparison to 

those obtained using -carrageenan and gelatin. In fact, the extremely poor mechanical 

integrity of chitosan required careful handling, limiting drastically its applicability as 
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biohydrogel-based electrolyte. In addition, water release was observed for Na-alginate 

and chitosan hydrogels, which also represented an important drawback. In contrast, -

carrageenan and gelatin hydrogels are transparent and more robust, facilitating the 

assembly of PEDOT electrodes into the electrolyte. According to these results, chitosan 

hydrogels were discarded as electrolytic system. At this point, it should be clarified that 

the application of the biohydrogels as electrolytic media does not require careful 

evaluation of their mechanical properties but only visual inspection to ensure that these 

materials are robust enough to keep the electrodes at their positions. 

The morphology of -carrageenan, Na-alginate and gelatin hydrogels was 

characterized by SEM (Figure S4). Solid-state electrolytes are expected to present an 

open porous structure able to exploit at maximum the pseudocapacitance of PEDOT 

electrodes, favouring ion movement and transfer. Both -carrageenan and Na-alginate 

hydrogels accomplish this requirement, while gelatin exhibits a compact morphology in 

which the interconnected network of pores is absent.  

 

Selection of the sustainable OESC using biohydrogels as electrolyte system 

After discarding chitosan hydrogels as electrolyte due to its extremely poor 

mechanical integrity, the electrochemical response of PEDOT in each of the remaining 

three biohydrogels was investigated to determine their effectiveness as electrolytic 

media. Figures S5a-S5c display cyclic voltammograms recorded after several 

consecutive redox scans for -carrageenan, Na-alginate and gelatin electrolyte systems, 

respectively, using a three-electrode configuration. PBS was used as control electrolyte 

system (Figure S5d). These voltammograms have been used to evaluate the 

electroactivity of PEDOT (Figure 1a-1b), which corresponds to the similarity between 

the cathodic and anodic areas in the voltammograms (i.e. ratio between the reduction 
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and oxidation charges, Qred/Qox). The electroactivity increases with the number of redox 

cycles indicating that the ability to exchange charge reversibly improves and stabilizes 

after fifty consecutive oxidation-reduction cycles. Specifically, after the tenth cycle, the 

Qred/Qox ratio is higher than 0.90 for the three biohydrogel-based electrolytes (Figure 

1b). Comparison of the current densities reached at the reversal potential (i.e. 1.0 V in 

Figures S5a-S5d) indicates that the amount of oxidized molecules is similar for -

carrageenan, Na-alginate and PBS, whereas it is lower for gelatin-based electrolyte. 

Moreover, the electrochemical stability of PEDOT also changes with the electrolyte 

system (Figure 1c). After five-hundred redox cycles, the loss of electrochemical activity 

(LEA, Eqn 1) was slightly lower in -carrageenan (13%) than in Na-alginate and gelatin 

(18% and 16%, respectively). Moreover, the amount of charge stored by PEDOT 

electrodes varies depending on the electrolyte (Figure 1a): -carrageenan > Na-alginate 

> PBS > gelatin. 

Results indicate that the compact morphology of gelatin hydrogel hinders the access 

and escape of dopant ions during the oxidation and reduction processes of PEDOT, 

which reduces both the amount of charge stored and the current density. Furthermore, 

the response of PEDOT in both -carrageenan and Na-alginate hydrogel-based 

electrolytes is similar, indicating that the interconnecting network of both systems 

enables ion transport. Finally, the electrochemical performance of PEDOT in PBS 

electrolyte is worse in comparison to -carrageenan and Na-alginate based devices. 

More specifically, the electroactivity and LEA values obtained in PBS are lower and 

higher, respectively, than those reached using such two biohydrogels. These features 

indicate that the swelling and shrinkage of PEDOT electrodes during redox processes 

are enhanced in PBS electrolyte, inducing a faster and more severe mechanical 

degradation of the ECP that, in turn, affects its electrochemical properties. 
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Figures 1d and 1e show the variation of both the Coulombic efficiency (Eqn 4) and 

the SC (Eqn 2 and 3), respectively, against the current density for the three biopolymer 

hydrogel-based OESC systems. Data derive from the corresponding GCD curves 

(Figure S6). As it can be seen, the triangular shape of the GCD curves and SC values are 

better defined and higher, respectively, for OESC-κC than for OESC-NaAlg and OESC-

Gel, independently of the current density used. In addition, after 25 charge-discharge 

processes, the SC determined for OESC-κC remained higher than 96% for all the 

considered current densities (Figure S6). For example, for the current density of 1.38 

A/g, the SC only decreased 0.98%, evidencing excellent cycling stability. 

Overall, these results reflect that -carrageenan is the most suitable biohydrogel to 

perform as electrolyte due to the appropriate combination of properties: mechanical 

stability, ease of preparation, lack of water leaking, and good medium for the 

electrochemical response of PEDOT. Accordingly, investigations displayed in next 

sections are exclusively focused on OESC-κC devices (Figure 2). 

 

OESC-κC energy storage device: Capacitive performance 

Specific capacitance. The capacitive behavior of OESC-κC was investigated by CV 

and GCD curves (Figure 3). Results have been compared with those obtained for an 

OESC device with PBS as electrolytic medium (OESC-PBS), which has been used as a 

control (Figure S7).  

Cyclic voltammograms recorded for the OESC-κC device (Figure 3a) from 0.0 to 0.8 

V display an almost ideal rectangular shape for scan rates up to 200 mV/s (Figure 3a), 

which is indicative of a good capacitive performance and low contact resistance. This 

effect is less pronounced for OECS-PBS (Figure S7a). Furthermore, the current density 

at the reversal and initial potential (i.e. anodic and cathodic current density, 
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respectively) varies linearly with the scan rate (Figure S8), evidencing that the 

electrochemical processes at OESC-C and OESC-PBS are not controlled by 

diffusion.
55,56

 On the other hand, except for the lowest scan rate, the SC values (Eqn 2 

and 3) obtained for OESC-C are slightly higher than those determined for OESC-PBS 

(Figure 3b and Table S1).  

GCD curves for OESC-C devices exhibited a typical triangular shape with a small 

voltage drop at the beginning of the discharging step (Figure 3c). In general, PEDOT 

electrodes display symmetric charge-discharge curves that correspond to almost ideal 

capacitive properties: high coulombic efficiency and good reversibility.
14,16,18

 These 

features are observed for OESC- C devices, which results in SC values (Eqn 2 and 3) 

that range from 70 to 81 F/g for the second charge-discharge cycle (Figure 3d and Table 

S2). Although these SC values are similar to those obtained for the OESC-PBS device at 

low current densities (Figure S7), they tend to decrease for higher current densities, 

possibly due to slower ion movement and electrolyte diffusion in the biohydrogel-based 

electrolyte. In contrast, SC values for the OESC-PBS device do not present significant 

changes with the current density (Figure 3d). On the other hand, after 25 consecutive 

charge-discharge cycles, OESC-C devices displayed an excellent SC retention (i.e. 

higher than 92 %) for all tested current densities (Figure 3d). For example, the system 

was able to retain ca. 95 % of the highest SC value, which was obtained at 1.38 A/g 

(Table S2). As it was expected, the stability of the OESC-C device is slightly lower 

than that of the OESC-PBS one (Figure 3d and Table S2). This should be attributed to 

the degradative effects produced by consecutive charge-discharge cycles in the hydrogel 

structure. 

Overall, results displayed in this sub-section confirm that the OESC based on 

PEDOT electrodes and -carrageenan as electrolyte exhibits a good supercapacitor 
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response. The presence of the solid electrolyte does not affect negatively the PEDOT 

capacitive behavior, bringing advantageous characteristics to the final packaged cell for 

practical applications.  

 

Lifetime stability. Cyclability (i.e. from hundreds to thousands of cycles) is an 

important requirement for practical supercapacitor applications. In order to evaluate this 

property, as-prepared OESC-C devices were submitted to three-thousand consecutive 

GCD cycles at a constant current density of 1.38 A/g from 0 to 0.8 V, results being 

summarized in Figures 4a and 4b. After such amount of cycles, the SC decrease from 

79.1 ± 0.4 F/g to 71.1 ± 2.2 F/g, which represents a variation of only 10% (i.e. 90% of 

retention). This slight reduction in the SC values for OESC-C has been associated to 

the swelling and shrinkage phenomena experienced by PEDOT during oxidation and 

reduction processes, respectively. Thus, consecutive doping-dedoping steps induce 

structural changes in PEDOT electrodes, which evolve from a porous morphology to a 

more compact one. The increasing compactness of PEDOT hinders the access and 

escape of dopant ions during the oxidation and reduction processes, respectively, until 

the equilibrium is reached.  

Moreover, to determine the lifetime stability of OESC-C, the same assay was 

repeated after one week of the device preparation. Figures 4c and 4d compare the results 

obtained for as as-prepared OESC-C devices (t0) with those obtained for devices 

prepared one week before (t1w). In this series of as prepared devices, the SC decrease 

from 85 ± 7 F/g to 80 ± 6 F/g after consecutive GCD cycles at a constant current density 

of 1.38 A/g from 0 to 0.8 V, which represents a variation of only 6% (i.e. 94% of 

retention). For the devices that were characterized one week after their preparation, the 

SC values corresponding to the second (80 ± 9 F/g) and five-hundredth (79 ± 8 F/g) 
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charge-discharge cycle differ by only 1 % (i.e. 99% of retention) and, more 

interestingly, they resemble to those determined for the as-prepared device after five-

hundred cycles (79 ± 6 F/g), confirming that the structure of PEDOT is stabilized. In 

addition to this excellent cycling stability, OESC-C devices, when properly closed 

(Figure S9a), exhibit no water loss or evaporation, which further ensures its application.  

 

Leakage current and self-discharge response. The leakage current is the stable 

parasitic current expected when the capacitor is held indefinitely on charge at the rated 

voltage.
57

 OESC-C devices were charged to 0.8 V at 2.334 mA (i.e. 1.38 A/g), and 

kept at that potential for 5 minutes, while recording the current data through the OESC-

C (i.e. leakage current). Figure 4e shows how the current quickly decreases to a 

minimum value of 51.2 A, staying at that value for the remaining time. This relatively 

small leakage current is associated to a good stability of OESC-C devices, which is 

crucial for energy storage applications.  

On the other hand, self-discharge is understood as the voltage drop on a charged 

capacitor after a set period of time. Such loss of charge, which may result in 

dysfunctional conditions, affect the electrochemical response of the capacitor by 

lowering the power and energy densities. Therefore, the rate of self-discharge has a 

major practical significance when assessing the performance and specifications of any 

energy storage device. Self-discharge is influenced by different factors, such as the 

chemistry and electrochemistry of the system, the purity of reagents and electrolyte and, 

mainly, the temperature.
58

  

The self-discharging characteristics of OESC-C were determined by considering the 

following three-step test: (i) the OESC-C was charged to 0.8 V at 2.334 mA; (ii) it was 

kept at 1·10
-11

 mA for 10 min (self-discharging); and (iii) the device was discharged to 
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0.2 V at -1 mA. Figure 4f evidences how, for most of the cases, the voltage of OESC-

C ended above 0.4 V after the set period of time. Although elucidation of the 

mechanisms and driving forces that control self-discharge is beyond the scope of this 

study, results validate the low self-discharging tendency of OESC-C devices, at least 

in the short term, ensuring specific practical applications. 

 

Practical application using a LED bulb. Four OESC-C devices were assembled in 

series (Figure 5a and Figure S9b-S9c) and subjected to the following GCD 

measurements: 10 charge-discharge cycles for 30 seconds at 1.38 A/g. Consequently, by 

assembling four devices the voltage window increases up to 4 V, while curves retain the 

symmetric shape, and thus the capacitance performance of individual OESC-C (Figure 

5b). In a similar way, self-discharging curves for the assembled devices decrease from 4 

V to ca. 1.5 V after 10 minutes (Figure 5c).  

To further confirm the suitability of OESC-C for practical applications, the 

assembled devices were used to power a red LED (lowest working potential 1.65-1.7 V, 

Figure 5d). For this purpose, the assembled system was charged to 4.0 V at 1.38 A/g 

and connected to the LED and two resistances in series (2  100 Ω), while recording the 

time the LED was lighted. For comparison purposes, this procedure was also applied to 

four assembled OESC-PBS devices, and repeated five times for each system (videos are 

provided in the Electronic Supporting Information). Results indicated that when using 

OESC-C the LED was lit for a longer time (35 ± 5 s) than in the case of control 

OESC-PBS (20 ± 4 s). 

 

Ragone plot. Energy (Emax; Eqn 5) and power (Pmax; Eqn 6) densities, which are 

important parameters for assessing the supercapacitor performance of energy storage 
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devices, are represented in Ragone plots (i.e. Emax against Pmax) to enable the 

comparison of different systems.
59 

Thus, these plots indicate how much energy is 

available (vertical axis) and how quickly it can be delivered (horizontal axis). The 

Ragone plot obtained for OESC-C and OESC-PBS (Figure 6) evidences that the two 

systems display similar energy density (6.1 ± 0.4 and 5.8 ± 1.0 Wh/kg, respectively), 

whereas the power density is higher for the former than for the latter (1.7 ± 0.5 and 0.8 

± 0.2·kW/kg, respectively).  

Considering that energy and power densities of supercapacitors for power 

applications are comprised in the interval between 1-9 Wh/kg and 1-10 kW/kg, 

respectively,
60 

the OESC-C system behaves as a good candidate for such application. It 

is of highly importance to remember that data in the Ragone plot (Figure 6) has to be 

considered carefully since it is based only on the total mass of active PEDOT 

electrodes, in accordance to the methodology described in previous works.
57

 However, 

as stated by Stoller and Ruoff,
39

 Pmax should be computed by considering the total mass 

of the device, which also includes dead components and the electrolyte. 

 

Improving the OESC-κC energy storage device 

Different strategies could be considered to obtain OESC-C devices with higher 

energy and power densities. On the one hand, a relatively simple strategy to enhance the 

power density is the design of supercapacitors with compact cell architectures (i.e. 

reducing the electrolyte volume) to decrease the total mass of the device. On the other 

hand, the energy density improves by increasing the SC of the device, which can be 

accomplished by properly modifying the electrode material to display larger specific 

surface area, higher conductivity, and better pore size distribution to favour ion 

diffusion. For example, the SC of a symmetrical pseudocapacitor improved substantially 
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after modifying the PEDOT-PSS electrodes with RuO2·xH2O.
61

 However, although 

these modifications are known to have satisfactory effects on the performance of the 

device, they are time-demanding and require additional synthetic routes to alter the 

properties of PEDOT electrodes.
25

  

In addition to the previous two strategies, another interesting action to raise the SC is 

based on tailoring the electrolyte element. Thus, the introduction of redox additives into 

conventional aqueous electrolytes to induce electrochemical activity and reversibility 

has been described in recent studies.
62-64

 This modification contributes to the 

pseudocapacitance of the system through additional redox processes between the 

electrode and the added electrolyte. Similarly, the energy storage performance of solid-

state supercapacitors has been improved adding redox additives to the polymeric 

electrolyte.
55,65,66  

Inspired by some of these strategies, the performance of the OESC-C energy 

storage device has been re-examined after the incorporation of PAni nanofibers (PAni-

nfs) to the electrolyte system. The length and diameter of PAni-nfs, which were 

prepared using a previously described procedure (ESI),
67-70

 are 400 and 120 nm, 

respectively, as determined from SEM micrographs (Figure 7a). On the other hand, the 

doped state of the ECP was corroborated by examining polaronic bands in the UV-vis 

spectrum of PAni-nfs solution (Figure 7b).
70

  

OESC-κC devices incorporating PAni-nfs in the hydrogel electrolyte (OESC-

κC:PAni-nfs) were fabricated as is described in the Methods section. Specifically, PAni-

nfs were introduced in the -carrageenan hydrogel before the gelation step, thus 

rendering a hydrogel-based electrolyte with redox additives. Figure 7c compares the 

unloaded and loaded -carrageenan hydrogels.  
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Cyclic voltammograms recorded for PEDOT (three-electrode configuration) using -

carrageenan hydrogel with PAni-nfs as electrolyte are displayed in Figure 7d. 

Comparison with the voltammograms displayed in Figure S5a, which correspond to the 

unloaded system, indicates that the presence of PAni-nfs in the hydrogel-based 

electrolyte does not affect the electrochemical response of PEDOT. This conclusion is 

supported by Figure S10, which represents the variation of the oxidation and reduction 

charges (Qox and Qred, respectively), the Qred/Qox ratio and the LEA against the number 

of consecutive oxidation-reduction cycles. 

Four OESC-C:PAni-nfs devices were assembled to power a red LED (lowest 

working potential 1.65-1.7 V). For this test, the system was charged at ~0.75 A/g (1.28 

mA) to a potential higher than 4.0 V for at least 100 seconds, and then connected in 

series with a resistance (1 kΩ). During the charging-discharging process the potential 

was monitored every five seconds. After this, the charging-discharging sequence was 

repeated connecting also the LED to the circuit (Figure 7e). For comparison, this 

procedure, which differs from that discussed in the previous section, was also applied to 

four assembled OESC-C devices (Figure S11).  

Inspection of the results displayed in Figure 7f indicates that during the discharging 

step the potential drop is lower for the OESC-C:PAni-nfs, which has been attributed to 

the pseudocapacitance provided by PAni-nfs. Thus, the energy retention seems to be 

better for OESC-C:PAni-nfs than for OESC-C due to the high SC of PAni-nfs. The 

OESC-C:PAni-nfs device is able to power the LED during 45 seconds, whereas for the 

OESC-C control system the LED was on during 30 seconds. This preliminary but 

very promising result suggests that the integration of -carrageenan and PAni-nfs is a 

good strategy for the fabrication of effective and compact OESCs based on biopolymer 

hydrogels. Our most immediate objective consists on the optimization of OESC-
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C:PAni-nfs devices, which will be addressed by examining the role played by the 

distribution of PAni-nfs into the biohydrogel, incorporating auxiliary redox agents and 

improving the organic electrodes to eliminate the use of stainless steel collectors, to 

enhance their performance.  

 

CONCLUSIONS 

An OESC has been designed in an effort to evolve towards greener, more sustainable 

and more compact devices. For that, both electrodes have been prepared as PEDOT 

thin-films, while the electrolyte was based on a biopolymeric hydrogel. Among the 

tested systems, -carrageenan biohydrogel has been found to be the most appropriated 

as electrolytic medium because of its mechanical stability, ease of preparation, lack of 

water leaking, and ability to maintain a good response of PEDOT electrodes. Indeed, 

results indicate that replacement of aqueous electrolyte by -carrageenan hydrogel does 

not affect the electrochemical response of PEDOT and the capacitance response of 

fabricated OESC devices. Thus, OESC devices prepared using -carrageenan hydrogel 

as electrolytic medium have shown good capacitor response, excellent cycling stability, 

small leakage current, low self-discharging tendency, and no water loss or evaporation. 

Finally, the practical application of OESC-C devices has been illustrated by powering 

a red LED.  

On the other hand, preliminary assays have been carried out adding PAni-nfs, which 

act as a redox additive, into the biohydrogel. Results obtained for OESC-C:PAni-nfs 

devices are very promising, future developments being very convenient. These will deal 

with preparing a more advanced functional OESC-C system, which will include 

among others modifications, the use of auxiliary redox agents and flexible organic 

electrodes. 
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CAPTIONS TO FIGURES 

Scheme 1. Preparation of OESC-κC:PAni-nfs devices. 

Figure 1. Cyclic voltammetry using a three-electrode configuration (Figure S5) have 

been used to determine the following electrochemical properties for PEDOT electrodes 

using different electrolyte systems: (a) variation of the stored charge, where Qox (left) 

and Qred (right) refer to oxidation and reduction charges; (b) electrochemical activity, 

which is defined by the Qred/Qox ratio; and (c) loss of electrochemical activity (LEA) 

against the number of consecutive redox cycles. Data are the average of three samples 

for each system. Galvanostatic charge-discharge assays using a two-electrode 

configuration (Figure S6) have been employed to evaluate the variation of (d) the 

Coulombic efficiency and (e) the specific capacitance (SC) against the applied current 

density for OESC devices with different biohydrogel-based electrolytes.  

Figure 2. Chemical structure and morphology (SEM micrographs) of OESC-C 

(middle) elements: -carrageenan hydrogel as electrolyte (left column) and PEDOT 

electrodes (right column). 

Figure 3. Electrochemical characterization (two-electrode configuration) of OESC-

C devices, which present both CE and WE made of PEDOT and -carrageenan 

hydrogel as electrolyte. (a) Cyclic voltammograms recorded from 0.0 to 0.8 V after five 

consecutive redox cycles at scan rates of 10, 25, 50, 75, 100, 150 and 200 mV/s. (b) SC 

values derived from the cyclic voltammograms displayed in (a) (see Eqn 2 and 3). (c) 

GCD curves recorded from 0.0 to 0.8 V at different current densities. Solid lines 

correspond to the first charge-discharge cycle, while the dashed ones correspond to the 

twenty-fifth
 
cycle. (d) SC values derived from the GCD curves displayed in (c) (see Eqn 

2 and 3). SC values in (b) and (d) are compared with those obtained for the OESC-PBS 
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control device (Figure S7). In (d) empty symbols refer to the SC values determined for 

the twenty-fifth charge-discharge cycle.  

Figure 4. Cycling stability of OESC-C devices, which present both CE and WE 

made of PEDOT and -carrageenan hydrogel as electrolyte. (a) GCD curves recorded 

from 0 to 0.8 V at 1.38 A/g (two repetitions). Solid lines correspond to the second cycle, 

while the dashed ones correspond to the three-thousandth
 
cycle. (b) SC values calculated 

with the data derived from (a). (c) GCD curves recorded from 0 to 0.8 V at 1.38 A/g for 

devices tested just as prepared (t0) and after one week of their preparation (t1w). Solid 

lines correspond to the first cycle, while the dashed ones correspond to the five-

hundredth
 
cycle. (d) SC values calculated with the data derived from (c). (e) Leakage 

current curve for OESC-C charged at 2.334 mA (i.e. 1.38 A/g) and kept at 0.8 V for 

300 seconds. (f) Self-discharge curves for OESC-C devices. The procedure employed 

for these assays is described in the Methods section. 

Figure 5. (a) Four assembled OESC-C devices, which present both CE and WE 

made of PEDOT and -carrageenan hydrogel as electrolyte, connected in series to 

power a red LED (video displayed in the Electronic Supporting Information). (b) GCD 

curves recorded at 1.38 A/g (charging and discharging times of 30 seconds) for one and 

four assembled OESC-C devices (black and blue, respectively). (c) Self-discharge 

curves of four OESC-C devices connected in series. (d) LED powered using the 

system described in (a). 

Figure 6. Ragone plot (Emax vs Pmax) for OESC-C and OESC-PBS devices. 

Figure 7. (a) SEM image of PAni-nfs (100 kX). (b) UV-vis spectrum for a diluted 

solution of as-prepared PAni-nfs (1/100). (c) -Carrageenan hydrogel with (left) and 

without (right) PAni-nfs. (d) Cyclic voltammograms for PEDOT in three-electrode 

configuration recorded from -0.4 to 1.0 V at a scan rate of 50 mV/s using -carrageenan 
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hydrogel loaded with Pani-nfs as electrolyte media. (e) Four OESC-C:PAni-nfs 

assembled in series to light a red LED. (f) Charging-discharging processes for OESC-

C (red squares) and OESC-C:PAni-nfs (blue circles) without (empty symbols) and 

with LED (filled symbols). 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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