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ABSTRACT 

Cellulose-based supercapacitors display important advantages in comparison with 

devices fabricated with other materials, regarding environmental friendliness, 

flexibility, cost and versatility. Recent progress in the field has been mainly focused on 

the utilization of cellulose fibres as: structural mechanical reinforcement of electrodes; 

precursors of electrically active carbon-based materials; or primary electrolytes that act 

as reservoirs of secondary electrolytes. In this work, a flexible, lightweight, robust, 

portable and manageable all-carboxymethyl cellulose symmetric supercapacitor has 

been obtained by assembling two electrodes based on carboxymethyl cellulose 

hydrogels to a solid electrolytic medium formulated with the same material. Hydrogels, 

which were made by cross-linking carboxymethyl cellulose paste with citric acid in 

water, rendered not only effective solid electrolytic media by simply loading NaCl but 

also electroactive electrodes. For the latter, conducting polymer microparticles, which 

were loaded into the hydrogel network during the physical cross-linking step, were 

appropriately connected through the in situ anodic polymerization of a similar 

conducting polymer in aqueous medium, thus creating conduction paths. The 

performance of the assembled supercapacitors has been proved by cyclic voltammetry, 

galvanostatic charge-discharge and electrochemical impedance spectroscopy. This 

design opens a new window for the green and mass production of flexible cellulose-

based supercapacitors. 

 

Keywords: Conducting polymer; Energy storage; Flexible electrodes; In situ 

polymerization; Wearable electronics 

  



3 
 

INTRODUCTION 

Since General Electric patented them in 1957, supercapacitors have attracted a great 

deal of attention because of their features: high power density and rate capability, fast 

energy uptake and delivery, long cycle life, simple principles, adequate thermal 

stability, and low maintenance cost [1]. Charge is stored in a supercapacitor device 

through a double-layer electrostatic mechanism (i.e. adsorption and desorption of 

charged ions from an electrolyte onto highly porous electrodes) and/or a faradic redox 

process (i.e. pseudocapacitance, which is based on fast and reversible surface redox 

reactions). Conducting polymers (CPs) are appropriate electrode materials for 

pseudocapacitors, also named electrochemical supercapacitors (ESCs) [2], since they 

have higher conductivity and capacitance than some carbon electrode materials (e.g. 

activated carbon, carbon nanotubes and carbon aerogels) even though their cycling 

stability is lower. 

In the last decade, significant efforts have been devoted to fabricate flexible energy 

storage devices, including supercapacitors [3-11]. Compared with conventional devices, 

flexible supercapacitors are portable, bendable and even wearable or implantable. These 

optimized and superior characteristics will facilitate the development of electronic 

devices with different functionalities, such as roll-up displays, smart mobile devices, 

and implantable biosensors, among others. Both carbon materials and polymers provide 

important advantages for the manufacturing of supercapacitors since, in addition to 

flexibility, they render lightweight products. However, most of them derive from 

petroleum and, therefore, the environmental concerns arouse during their preparation 

and complicated manufacturing, thus largely limiting their applications in 

supercapacitor devices. Because of these limitations, research on flexible 

supercapacitors has been focused on materials that can be easily obtained from natural 
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sources [12]. Within this context, the utilization of green biopolymers extracted from 

biomass or their derivatives to produce porous organic materials has been considered 

critical to reach sustainable development and protect the environmental [13]. The most 

abundant and sustainable biopolymer is cellulose since it is an important structural 

component of the primary cell wall of green plants.  

Cellulose fibres exhibit high aspect ratios, high surface area, high porosity, excellent 

mechanical properties, excellent flexibility, and the ability to bind to other conductive 

materials, enabling extensive application in flexible energy-storage devices [14,15]. The 

very extensive literature about electrically active cellulose-based devices for energy 

applications, which has been critically analysed in some seminal reviews [16-21], 

evidences two important features. First, the role played by cellulose in the fabricated 

flexible supercapacitors is usually restricted to one of the following three: 1) structural 

mechanical reinforcement that confers flexibility and strength to the electrodes, which 

contain other electrically active materials; 2) precursor (raw material) of other 

electrically active carbon-based materials obtained by pyrolytic processes; or 3) primary 

electrolyte that connects the two electrodes by acting as a reservoir of secondary 

electrolytes (i.e. small ions) [16-21]. In spite of this versatility, flexible all-cellulose 

supercapacitors, which were considered a chimera a few decades ago, are still to come. 

Second, cellulose-containing supercapacitors are mainly based on fibres format, while 

hydrogels are used to a lesser extent. More specifically, cellulose hydrogels have been 

exclusively used as electrolyte reservoirs to favour ion movement towards the 

supercapacitor double layer [22-24]. Therefore, the potential application of cellulose 

hydrogels as electrodes in flexible supercapactitors awaits development. 

In this work, we report a simple procedure to fabricate compact and deformable all-

carboxymethyl cellulose solid organic electrochemical supercapacitors (OESCs) using 
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carboxymethyl cellulose sodium salt (NaCMC) as the main component of the two 

electrodes (i.e. the anode and the cathode) and the solid electrolyte. Moreover, both 

NaCMC-based OESC elements have been prepared exploiting the advantages of the 

hydrogel format. More specifically, the self-supported and flexible electrodes have been 

prepared by embedding CP- and alumina-based (Al2O3) particles in NaCMC hydrogels 

and, then, performing an in situ anodic polymerization in aqueous conditions, whereas 

the solid electrolyte consists of a NaCMC hydrogel loaded with NaCl as supporting 

electrolytic salt. Hydrogels for both the electrodes and the solid electrolyte were 

prepared by directly cross-linking NaCMC chains in a citric acid aqueous solution at 

room temperature and atmospheric pressure. This approach has allowed us to enhance 

some of the main principles of green chemistry: i) avoid, or reduce as much as possible, 

the consumption of organic solvent; ii) use low-energy consumption processes avoiding 

high temperature and/or pressure; iii) avoid chemical derivatives that use additional 

reagents and generate waste; and iv) prioritize the utilization of materials extracted from 

renewable natural sources).   

 

RESULTS AND DISCUSSION 

Preparation and characterization of flexible NaCMC-based electrodes  

The first step for preparing flexible electrodes involved the loading of microparticles 

into the NaCMC biohydrogel of 20% w/w poly(3,4-ethylenedioxythiophene) (PEDOT) 

microparticles (MPs) dispersed in basic aqueous solution (0.5 M NaHCO3) and 2% w/w 

Al2O3 (i.e. the wt. % of both PEDOT and Al2O3 MPs was referred to the weight of 

NaCMC). PEDOT is one of the most used CPs for energy storage devices because of its 

excellent electrochemical and electrical properties [25-27], its combination with 

cellulose being particularly attractive because of the well-known non-toxic and 
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biocompatible behaviour of this CP [28,29]. For the synthesis of PEDOT MPs, CP films 

were prepared by chronoamperometry applying a constant potential of 1.40 V and 

adjusting the polymerization charge to 120 mC [30,31]. The resulting films were 

removed from the steel electrodes and, subsequently, processed into MPs that display a 

diameter of 3.0±1.2 µm by mechanical stirring (Figure 1a). On the other hand, the 

homogenization and size reduction of Al2O3 MPs, which were loaded into the 

biohydrogel to enhance the electrochemical properties of PEDOT [32], was essential to 

ensure a good dispersion within the NaCMC matrix. After stirring, Al2O3 MPs with 

diameters ranging from ∼1 to ∼10 µm were obtained (Figure 1b). 

Both PEDOT and Al2O3 MPs were introduced in the cellulose paste, which consisted 

in an extremely high viscous aqueous solution obtained by pouring 10 % wt. NaCMC in 

water and mixing (Electronic Supplementary Information). The PEDOT- and Al2O3-

loaded NaCMC paste was transformed into a self-standing PEDOT/Al2O3/NaCMC 

hydrogel by cross-linking the cellulose chains with citric acid. For this purpose, the 

paste was immersed into 8 M citric acid solution for 24 hours at room temperature 

under moderate shaking (80 rpm) (Figure 1c). In this acidification step, Na+ of NaCMC 

polymer backbones were gradually replaced by H+ and the hydrogel was constructed by 

physical cross-linking along with the formation of hydrogen bonds between the 

neighboring polymer chains [33]. 

After this, the performance of the flexible PEDOT/Al2O3/NaCMC electrodes was 

enhanced by incorporating poly(hydroxymethyl-3,4-ethylenedioxythiophene) 

(PHMeDOT) inside the hydrogel through in situ anodic polymerization. To that end, the 

hydrogel was attached to a steel sheet and immersed in a 50 mM hydroxymethyl-3,4-

ethylenedioxythiophene monomer (HMeDOT) aqueous solution with LiClO4, which 

was kept under stirring during 1.5 hours to ensure the penetration of the monomer into 
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the hydrogel matrix. This step was crucial to ensure the access of the HMeDOT 

monomer to the PEDOT MPs, which act as polymerization nuclei. The anodic 

polymerization was conducted at pH 8 under a constant potential of 1.10 V for 2 hours. 

The latter time was optimized to achieve the connection among PEDOT MPs through 

the polymerized PHMeDOT (i.e. the percolation of the CPs), as shown below. Although 

the electrochemical properties of PHMeDOT and PEDOT are very similar, the 

solubility of HMeDOT in water, which is the solvent used in the reaction medium, is 

higher than that of EDOT [30-32,34]. This process is illustrated in Figure 1d, while 

details are provided in the Electronic Supplementary Information. Hereafter, the 

electrodes obtained after the in situ polymerization of HMeDOT are denoted 

[PEDOT/Al2O3/NaCMC]PHMeDOT. 

Low and high resolution SEM micrographs of PEDOT/Al2O3/NaCMC and 

[PEDOT/Al2O3/NaCMC]PHMeDOT are displayed in Figures 2a and 2b, respectively. 

As it can be seen, the porous structure of PEDOT/Al2O3/NaCMC remains unaltered 

after the in situ polymerization of the HMeDOT monomer, CP particles becoming more 

accessible after this process. Thus, PHMeDOT polymerizes coating the PEDOT MPs, 

as is evidenced in Figure 2c, but also forming thin sticks that connect the CP MPs 

through effective conduction paths. It is worth noting that these MP-connecting sticks, 

which are displayed in Figure 2b (inset) and Figure 2d, are not observed in 

PEDOT/Al2O3/NaCMC. Moreover, this unique structure is present at the surface of the 

[PEDOT/Al2O3/NaCMC]PHMeDOT electrode, as well as in the inner region (Figure 

2e). 

The FTIR spectra of NaCMC, PEDOT/Al2O3/NaCMC and 

[PEDOT/Al2O3/NaCMC]PHMeDOT lyophilized hydrogels are compared in Figure 3a. 

The broad absorption band in the region 3000-3700 cm-1, which appears in all three 
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spectra, has been attributed to the stretching of the free and bonded hydroxyl groups of 

NaCMC and PHMeDOT. The peak at around 2895 cm−1 is assigned to the aliphatic 

saturated C–H stretching vibration of NaCMC matrix. The peak at 1720 cm-1 is 

attributed to the carbonyl band of –COOH, coming from the substitution of Na+ to H+ in 

the polymer chains, indicating that acidification with citric acid favors physical cross-

links in cellulose [33]. The very strong bands at 1058 and 1110 cm-1 are attributed to the 

C–O–C and C–O pyranose ring skeletal vibrations, respectively. The presence of 

PEDOT MPs is typically disclosed by the appearance of the vibrations associated to the 

dioxane ring, even though in this case such bands overlap with those of the pyranose 

ring. The FTIR spectrum of PEDOT/Al2O3/NaCMC contains a peak at 1520 cm-1 that is 

due to the C=C stretching of the thiophene ring. Anodic polymerization of PHMeDOT 

results in the enhancement of the peaks at 1318 and 1419 cm-1, which correspond to 

other skeletal vibrations of the aromatic thiophene rings and are very weak for 

PEDOT/Al2O3/NaCMC. Moreover, the strong peaks at 1595 cm-1 in the FTIR spectrum 

of [PEDOT/Al2O3/NaCMC]PHMeDOT has been associated to enhanced oxidation 

processes. 

Raman spectra of NaCMC, PEDOT/Al2O3/NaCMC and 

[PEDOT/Al2O3/NaCMC]PHMeDOT samples corroborated the homogeneous 

integration of the CPs into the NaCMC matrix. Thus, the spectra reported in Figure 3b 

exhibit the characteristics peaks of PEDOT and PHMeDOT: 985 cm-1 (vibration mode 

of the thiophene C–S bond), 1099 cm-1 (stretching of the ethylendioxy group), 1255 cm-

1 (C–C inter-ring stretching), 1367 cm-1 (C–C stretching), 1423 cm-1 (C=C symmetrical 

stretching) and 1489 cm-1 (C=C asymmetrical stretching).  

Theoretical Density Functional Theory (DFT) calculations on model complexes were 

conducted to examine the favourable interaction between the NaCMC and the CPs. 
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More specifically, calculations were performed using the M06L functional [35] 

combined with the 6-31G(d,p) basis set. NaCMC was modelled considering three model 

compounds (denoted CMCn with n= 1, 2 or 3 in Figure 3c) with two glucopyranose 

monomers, which differ in the position of the carboxymethyl (CH2COOH) substituent. 

Besides, PEDOT was simplified to a model oligomer containing 2 repeat units 

(hereafter 2EDOT). For complexes in which 2EDOT was in the reduced states (charge= 

0), the carboxymethyl substitutent was protonated (CH2COOH), whereas the latter was 

ionized (CH2COO–) when 2EDOT was in the oxidized state (charge= +1) state. 

CMCn···2EDOT and CMCn···2EDOT+1 model complexes were subjected to complete 

geometry optimizations. The binding energy (BE), which is defined by subtracting the 

energy of individual components from the energy of the complex, was evaluated 

eliminating the basis set superposition error [36]. In order to evaluate the strength of 

electrostatic interactions in CMCn···2EDOT+1 complexes, the BE of CMCn···Na+ and 

ClO4
–···2EDOT+1 model complexes was also determined using DFT calculations at the 

same theoretical level. Although for all the studied complexes different starting 

structures were constructed by varying the relative position between the two interacting 

species, only the most stable structure of each optimized complex has been considered 

for discussion.  

Figures 3d and 3e compare the BEs of neutral (i.e. CMCn···2EDOT) and charged 

complexes (i.e. CMCn···2EDOT+1, CMCn···Na+ and ClO4
–···2EDOT+1), respectively. 

Attractive BE values were obtained in all cases, indicating that NaCMC and PEDOT 

repeat units interact favourably. Moreover, the BEs of CMCn···2EDOT complexes are 

practically independent of the position of the carboxymethyl substituent, while the BEs 

of CMCn···2EDOT+1 complexes exhibit a variability of ∼4%. Besides, the BEs of 

CMCn···2EDOT complexes, which are mainly stabilized through specific hydrogen 
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bonds, represents ∼20% of the BE values obtained for CMCn···2EDOT+1 in which non-

specific electrostatic interactions play a key role.  

The affinity between PEDOT and NaCMC is explained by comparing the BE values 

obtained for CMCn···2EDOT+1, which range from -87.2 to -90.8 kcal/mol, with those 

of CMCn···Na+ and ClO4
–···2EDOT+1. Thus, the CMCn···Na+ complexes, with BE 

values comprised between -130.3 and -143.0 kcal/mol, are electrostatically stabilized by 

strong intermolecular interactions. In contrast, the weakest interaction corresponds to 

the ClO4
–···2EDOT+1 complex, with BE= -76.7 kcal/mol, suggesting that the 

perchlorate dopant ions could be replaced by the carboxylate groups of NaCMC if Na+ 

counter-ions leave with them. However, the strength of the electrostatic interaction in 

NaCMC regulates the latter process and drastically limits the replacement degree that, 

despite this restriction, is high enough to immobilize PEDOT MPs. Overall theoretical 

calculations are consistent with experimental observations in which PEDOT MPs 

integrate into the NaCMC matrix but retaining their own identity.  

 

Preparation and characterization of NaCMC hydrogel as solid electrolyte 

Sustainable NaCMC hydrogels containing a salt as supporting electrolyte were 

prepared as solid state electrolyte for compact cellulose-based OESCs. This was 

achieved using the procedure described above to produce PEDOT/Al2O3/NaCMC 

flexible electrodes but replacing the PEDOT and Al2O3 particles by 0.5 M NaCl as 

supporting electrolytic salt. After the gelation of the NaCMC paste with citric acid, the 

excess of acid was eliminated by washing, causing the partial loss of the supporting 

electrolytic salt. In order to recover such salt, washed hydrogels were submitted to a 

reabsorption process by immersion in a 0.5 M NaCl solution for 24 hours. Hereafter, the 
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hydrogel obtained after the post-washing treatment to recover supporting electrolytic 

salt is denoted NaCMC/NaCl. 

Figure 4a compares the swelling ability, as determined from the swelling ratio (SR), 

of the NaCMC/NaCl and [PEDOT/Al2O3/NaCMC]PHMeDOT in 0.1 M NaHCO3. 

Although the SR of the latter is significantly lower than that of the former, which 

indicates that the CPs restricts the moisture content, both values are relatively low. 

Thus, after 24 h, the SR was 1064% and 623% for NaCMC/NaCl and 

[PEDOT/Al2O3/NaCMC]PHMeDOT, respectively. These values are much smaller than 

that reported for NaCMC hydrogels prepared using a 1.5 M citric acid (SR= 2205%) 

[24], reflecting the remarkable influence of the citric acid concentration in the cross-

linking density. Thus, the water-content decreases considerably when the citric acid 

concentration increases from 1.5 M to 8 M, which is indicative of an increment in the 

cross-linking. This pronounced effect, which is evidenced in Figure 4a by the 

photographs of NaCMC/NaCl and [PEDOT/Al2O3/NaCMC]PHMeDOT hydrogels 

(whitish and dark blue, respectively), is expected to favour the dimensional stability of 

cellulose-based solid OESC (see below). 

SEM micrographs of NaCMC/NaCl with different magnifications are displayed in 

Figure 4b. As it can be seen, the hydrogel presents an open structure with abundant 

pores and cavities, which will be necessary to maximize the pseudocapacitance of 

[PEDOT/Al2O3/NaCMC]PHMeDOT electrodes in the OESC device. Hence, such 

opened structure will facilitate the ion migration at the electrode-solid electrolyte 

interface during charge-discharge processes. Moreover, pores, which present an average 

size of 78±36 µm, are interconnected due to the high concentration of citric acid used in 

the cross-linking process.  
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Thermogravimetric analyses (TGAs) of NaCMC/NaCl, PEDOT/Al2O3/NaCMC and 

[PEDOT/Al2O3/NaCMC]PHMeDOT hydrogels are displayed in Figure 4c. The mass 

loss of 12% below 100 ºC has been attributed to the removal of absorbed water. A very 

pronounced degradation step is displayed by NaCMC, the maximum temperature of 

differential thermal gravimetric analysis (DTGA) curve being located at 221 ºC. The 

char weight rendered at 590 ºC was of 18%, which was attributed to the supporting 

electrolytic salt. The TGA profile recorded for the PEDOT/Al2O3/NaCMC hydrogel, 

which shows two well-defined degradation steps, indicates that the incorporation of 

PEDOT and Al2O3 causes important changes. The first degradation step, which has 

been associated with the NaCMC matrix, points that the thermal stability of cellulose 

matrix is significantly enhanced by PEDOT and Al2O3. More specifically, the maximum 

of the corresponding DTGA curve increases from 221 ºC for NaCMC/NaCl to 275 ºC, 

which represents an increment of 54 ºC. The second degradation step, which 

corresponds to the maximum at 362 ºC in the DTGA curve, has been attributed to the 

degradation of PEDOT. It is worth noting that the latter value is similar to that 

previously reported for pristine PEDOT and PEDOT/Al2O3 [32]. In this case, the charge 

yield at 590 ºC corresponds to 34%, the increment with respect to the NaCMC/NaCl 

being due to both the incorporated Al2O3 and the dopant agent of the CP (i.e. 

perchlorate anions). 

Finally, the TGA and DTGA curves obtained for 

[PEDOT/Al2O3/NaCMC]PHMeDOT show three degradation steps located at 252, 280 

and 348 ºC (Figure 4c). The latter value corresponds to the degradation of the PEDOT 

nuclei coated with electropolymerized PHMeDOT, while the two former maxima have 

been associated to different regions of the NaCMC matrix. Thus, the splitting of the 

NaCMC degradation peak has been attributed the presence of regions without 
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PHMeDOT and regions in which the CP integrates into the cellulose matrix forming 

strong NaCMC···PHMeDOT interactions. Furthermore, the application of a constant 

potential during the in situ anodic polymerization of the CP may induce the rupture of 

some chemical bonds in the cellulose matrix and, therefore, the degradation of the 

NaCMC polymer chains. 

 

Assembly of the cellulose-based OESC 

The solid and compact cellulose-based OESC was built by connecting two 

[PEDOT/Al2O3/NaCMC]PHMeDOT electrodes, which acted as cathode (C) and anode 

(A), through a NaCMC/NaCl solid electrolytic medium (SE), as is schematically 

represented in Figure 5a. For this purpose, both [PEDOT/Al2O3/NaCMC]PHMeDOT 

and NaCMC/NaCl hydrogels were prepared using steel ring templates (Figure 5b) with 

internal diameter and height of 10 and 3.5 mm, respectively. One and two coupled steel 

rings were used for the preparation of electrodes and the solid electrolytic medium, 

respectively, the height of the final prototype being 14 mm (Figure 5c). The assembly of 

the OESCs was conducting by moulding on a press (Figure 5c). More specifically, the 

applied pressure was 5 tons for 5 min and, subsequently, 10 tons for another 5 min 

(Figure 5d). 

In addition of the outstanding flexibility of the OESC elements, which is illustrated 

in Figure 5e for the SE, the whole device exhibited high compressibility (Figure 5f). 

Other interesting properties of this cellulose-based OESC are small and controllable 

dimensions, manageability, portability, robustness and lightweight. 

 

Characterization of the cellulose-based OESC prototype 
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Characterization studies were performed by coupling the assembled OESC to 

external steel electrodes, as is displayed in Figure 6a. Cyclic voltammograms recorded 

by varying the initial and final potential from –0.5 V to 0.0 V in increments of +0.1 V 

while the reversal potential was kept fixed at +0.8 V (scan rate: 50 mV/s) are compared 

in Figure 6b. The specific capacitance (SC) was determined using the following 

expression: 

 
V·m
QSC

Δ
=   (1) 

where Q is voltammetric charge determined by integrating the oxidative (anodic charge) 

or the reductive parts (cathodic charge) of the cyclic voltammogram, ΔV is the potential 

window (in V), m is the mass of the CP (in g) in the cellulose-based OESC. The area of 

the voltammogram and the SC decreases with increasing initial/final potential. Thus, SC 

was 1.2, 1.1, 1.1, 0.8, 0.8 and 0.6 mF/g when the initial/final potential was –0.5, –0.4, –

0.3, –0.2, –0.1 and 0.0 V, respectively. It is worth noting that cyclic voltammetry is 

considered as a very aggressive electrochemical technique that frequently degrades 

organic materials during the potential scanning, as has been demonstrated for both CPs 

[37] and electroactive hydrogels [30] similar to those employed in this work for the 

fabrication of the OESC. As such damage increases with the potential window, the 

choice of initial/final potential for further analyses on cellulose-based OESCs was based 

on the compromise between loss of SC and degradation of the material. More 

specifically, the 1.1 V window defined by –0.3 V as initial and final potential and +0.8 

V as reversal potential, was used to conduct additional studies on the stability of the 

designed OESC. Moreover, the voltammogram curve obtained for the selected potential 

window approximates more to the rectangular or quasi-rectangular shape ideally desired 

for supercapacitors (Figure 6b). 
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Figure 6c compares the cyclic voltammograms recorded in the selected potential 

window at scan rates of 50 and 100 mV/s. As it was expected, the area of the 

voltammetric curves increases with the scan rate. In this case, such phenomenon is 

accompanied by an enhancement of the voltammetric charge at the working electrode, 

indicating that the capacitive performance of the prepared OESC increases with the scan 

rate. However, this capacitive behavior experiences a reduction when consecutive 

oxidation-reduction cycles are applied. Thus, after 200 redox cycles, the cellulose-based 

OESC experienced a loss of rectangular shape in the cyclic voltammogram (Figure 6c), 

which also affected the SC (Figure 6d). Thus, the SC decreased from 1.1 to 0.8 mF/g 

after 200 redox cycles (Figure 6d), which represents a reduction of 27%.  

As mentioned above, CV is a disruptive technique that frequently damages organic 

materials, like those studied in this work. Accordingly, the cycling stability of the as-

prepared cellulose-based OESC devices was re-examined by applying 2500 

galvanostatic charge-discharge (GCD) cycles at a current of 0.00165 mA in the two-

electrode configuration (Figure 6e). Both the charge and discharge times, which were 

tc= 6.7 s and td= 5.5 s, respectively, for the second cycle, decreased with the increasing 

number of GCD cycles. Thus, these parameters were tc= 5.4 s and td= 4.4 s after 2500 

cycles, which represent a reduction of ∼20%. In spite of this, GCD curves do not exhibit 

important distortions and changes after 2500 cycles. More specifically, the curves 

associated to the last ten GCD cycles maintain the quasi-symmetrical shape of the 

curves corresponding to the first ten cycles (Figure 6f). This is because the difference 

between the tc and td values does not change significantly after such huge amount of 

cycles (i.e. 1.2 s and 1.0 s for the second and last cycle). Besides, the SC, as determined 

from GCD curves, decreases from 0.9 mF/g (2nd cycle) to 0.7 mF/g (2500th cycle), 

which represents a reduction of 0.2 mF/g only. 
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The power density (P, mW/kg), which describes the speed at which the energy stored 

can be delivered, is maintained at practically the same value after 2500 GCD cycles (i.e. 

P= 176 and 181 mW/kg for the 2nd and 2500th cycle, respectively). Similarly, the 

maximum energy density (Emax, mWh/kg), which is the amount of energy stored per 

unit of mass, remains at Emax= 0.14 (2nd cycle) and 0.11 mWh/kg (2500th cycle). 

Overall, GCD results indicate that devices obtained using NaCMC hydrogels with CPs 

inside as electrodes and a NaCMC hydrogel as solid electrolytic medium exhibit 

mechanical stability, good capacitor response and excellent cycling stability. 

Finally, we further explored the electrochemical response of our cellulose-based 

supercapacitor device by electrochemical impedance spectroscopy (EIS). The 

impedance was determined for the 10 – 105 Hz frequency interval using a through-plane 

impedance cell [38]. The Nyquist and Bode plots are displayed in Figure 7. The almost 

straight line observed in the Nyquist plot (Figure 7a) is consistent with the behaviour 

typically found electrical double-layer porous capacitors [39]. At high frequencies, the 

plot shows a very soft semicircle, indicating a fast charge transfer through a Faradaic 

process with negligible charge transfer resistance. This is consistent with the porous 

structure of the electrode, which favours the permeation of the electrolyte and enhances 

the ion transfer kinetics [40]. Besides, the shapes of the Bode plots obtained for the 

cellulose-based OESC are very similar to those reported for ITO [41], which is a typical 

conducting material. Although the impedance values obtained for OESC in the 1-102 Hz 

frequency range (Figure 7b) are similar to those found for bare ITO, the interfacial 

impedance provided by the NaCMC and the CPs improve the sensitivity of the 

measurements in higher frequency range. The linear portion observed in the middle of 

the Bode-phase plot (Figure 7c) indicates a diffusion limited process at the electrode-

electrolyte interface. 
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The Randles-Ershler EEC model used for fitting the experimental data from EIS 

measurements provides not only understanding of the response of the fundamental 

systems with coupled processes (e.g. charge transfer, diffusion, electric double layer 

charging and uncompensated solution resistance) but also quantification of some 

fundamental interfacial phenomena. The EEC obtained for the cellulose-based OESC, 

which is schematized in Figure 7d, is in agreement with those usually observed for gel-

based electrodes [42]. The solid electrolyte resistance (Re), which is mainly due to the 

NaCl used to prepare the NaCMC/NaCl biohydrogel, is 485 Ω, which is consistent with 

the semiconducting behaviour of the prototype. On the other hand, the value of the 

charge-transfer resistance (Rct= 40 Ω) is lower than Re, facilitating the exchange of ions 

along the double layer. The Rct is in series with a constant phase element (CPE) 

impedance, which has been expressed as:  

 njw)(Y
1Z

0
CPE =   (2) 

where Y0 is the admittance of an ideal capacitance and n is an empirical constant 

ranging from 0 to 1. The CPE represents a capacitor and a resistor for n= 1 and n= 0, 

respectively, while it is associated with a diffusion process when n= 0.5 and is 

equivalent to the so-called Warburg element. In this work, the ZCPE with n= 0.873 is 

related to the ionic diffusion through the electrode. Finally, the double layer capacitance 

element (Cdl), with a value of 4.16 µF, reflects the capacitance at the 

electrode/electrolyte interphase. The quality of the experimental data fitting to EEC was 

evaluated to estimate the percentage error associated with each circuit element, being 

comprised between 0.4% and 5.1% in all cases. 

 

CONCLUSIONS 
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In this study, we report the preparation and characterization of NaCMC-based 

OESCs as versatile platforms for energy storage device applications. The approaches 

used to prepare the hydrogel-based electrodes and electrolytic medium exploit abundant 

environment-friendly materials and cheap chemical processes that are conducted in 

aqueous media at room temperature, and thus can be up-scaled for industrial 

applications. Moreover, the in situ polymerization strategy used for manufacturing the 

electrodes, which can be easily extended to other CPs, allows us to regulate the energy 

storage capacity by controlling the polymerization time. Hence, such low-cost, 

lightweight, self-standing, flexible and stable cellulose-based OESCs offer great 

promise for advanced energy storage applications where the utilization of conventional 

devices can be restricted because of surrounding factors (e.g. demands regarding 

conformability, safety, cost and environmental friendliness).  
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APPENDIX A. SUPPLEMENTARY MATERIAL 

Synthetic methods and characterization techniques. Supplementary data to this article 

can be found online at https:// 
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CAPTIONS TO FIGURES 

Figure 1. Scheme illustrating the different synthetic steps used to produce 

[PEDOT/Al2O3/NaCMC]PHMeDOT electrodes: (a) preparation of PEDOT films by 

chronoamperometry and processing by mechanical stirring into MPs (a representative 

SEM micrograph of PEDOT MPs is displayed); (b) homogenization of Al2O3 particles 

by mechanical stirring (a representative SEM micrograph of Al2O3 particles is 

displayed); (c) formation of PEDOT/Al2O3/NaCMC using a 1.5 M citric acid aqueous 

solution for the cross-linking; and (d) in situ anodic polymerization of HMeDOT using 

PEDOT MPs are polymerization nuclei to produce 

[PEDOT/Al2O3/NaCMC]PHMeDOT. 

Figure 2. Low and high magnification SEM micrographs (left and right, 

respectively) of the hydrogels used to prepare the electrodes: (a) 

PEDOT/Al2O3/NaCMC and (b) [PEDOT/Al2O3/NaCMC]PHMeDOT. Details of the 

surface and internal morphology of [PEDOT/Al2O3/NaCMC]PHMeDOT hydrogel: (c) 

PEDOT MP coated by PHMeDOT and (d-e) PHMeDOT sticks connecting PEDOT 

MPs at the (d) surface and (e) inside the hydrogel (cross section SEM image). 

Figure 3. (a) FTIR and (b) Raman spectra (excitation wavelength: 785 nm) of 

NaCMC, PEDOT/Al2O3/NaCMC and [PEDOT/Al2O3/NaCMC]PHMeDOT. (c) Model 

compounds used to represent NaCMC: CMCn with n= 1, 2 or 3. Binding energies (BE, 

in kcal/mol) of neutral (i.e. CMCn···2EDOT) and charged complexes (i.e. 

CMCn···2EDOT+1, CMCn···Na+ and ClO4
–···2EDOT+1) calculated at the M06L/6-

31G(d,p).  

Figure 4. (a) Variation of the swelling ratio (SR) of NaCMC/NaCl and 

[PEDOT/Al2O3/NaCMC]PHMeDOT in 0.1 M NaHCO3 and photographs before (left) 

and after (right) immersion  in 0.1 M NaHCO3 for 24 hours. (b) SEM micrographs of 
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NaCMC/NaCl hydrogel used as solid supporting electrolyte. (c) TGA and DTGA 

curves recorded for NaCMC/NaCl, PEDOT/Al2O3/NaCMC and 

[PEDOT/Al2O3/NaCMC]PHMeDOT hydrogels. TGA profiles were recorded at a 

heating rate of 10 ºC/min under controlled nitrogen atmosphere. 

Figure 5. (a) Scheme of the assembled OESC prototype: C, A and SE refer to the 

cathode, anode and solid electrolytic medium, respectively. (b) Photograph of the steel 

ring used as mould for the fabrication of the hydrogels used as electrodes and the solid 

electrolyte. A photograph of the [PEDOT/Al2O3/NaCMC]PHMeDOT electrode is 

included. (c) Scheme of the assembled cellulose-based OESC prototype in the moulds 

and the press used for the assembly process. (d) Photographs of the assembly process 

and of the final cellulose-based OESC prototype. Photographs illustrating (e) the 

flexibility of the hydrogel used as solid electrolyte and (f) the compression reached by 

the OESC. 

Figure 6. (a) Photograph of the supercapacitor prototype with the steel electrodes 

used for electrochemical characterization. (b) Cyclic voltammograms of the 

supercapacitor prototype recorded at 50 mV/s, varying the initial / final potential from –

0.50 V to 0.0 V while the reversal potential was kept fixed at 0.8 V. (c) Cyclic 

voltammograms of the supercapacitor prototype recorded at 50 and 100 mV/s scan 

rates. Initial and final potentials: -0.30 V; reversal potential: 0.8 V. (d) Variation of the 

specific capacitance (SC) against the number of oxidation-reduction cycles. (d-e) GCD 

cycles recorded at 0.00165 mA. The prototype was subjected to 2500 cycles (d). 

Magnification of the first and last ten cycles is displayed in (e). 

Figure 7. (a) Nyquist (the inset corresponds to an amplified area from for better 

visualization of the low frequency zone) and (b, c) Bode plots of the NaCMC-based 

OESC. (d) Equivalent circuit model used to fit the experimental data.  
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