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“To search for the old is to understand the new 

The old, the new 

This is a matter of time. 

In all things man must have a clear mind. 

The Way: 

Who will pass it on straight and well?” 

Poem by Master Funakoshi 
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Abstract 

The utilization of hydrogels derived from biopolymers as electrodes of organic 

electrochemical supercapacitors (OESCs) and components of electronic devices is a 

topic of increasing interest because of their promising applications in biomedicine (e.g. 

for energy storage in autonomous implantable devices and robotic systems with human-

like sensing capabilities).  In this work PEDOT:PSS and alginate has been cross-linked 

so as to obtain an hydrogel (PA-h). The structure of PA-h, which is characterized by a 

network of open interconnected pores surrounded by regions with compact morphology, 

favors ion transport, while the biodegradability and biocompatibility conferred by the 

ester groups are appropriated for its usage in the biomedical field. Voltammetric and 

galvanostatic assays have been conducted to evaluate the behavior of PA-h when used 

as electrodes in OESCs. Hence, PA-h electrodes displayed supercapacitor response of 

up 405 F/g. Moreover, the long-term stability presented a capacitance retention higher 

than 75%, leakage-current, and self-discharging response reflect the great potential of 

PA-h as ion-conductive electrode. In addition, the mechanical robustness of PA-h is 

higher in than other biohydrogels (e.g. -carrageenan, poly-γ-glutamic acid and 

cellulose hydrogels) which makes it an ideal candidate for developing interactive 

electronic devices. 
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Chapter 1: Introduction 

1.1 State of the art 

Due to the global concern regarding sustainable technology, efforts are being made to 

discover new ecofriendly materials which can be used so as to develop electronic 

devices implementable in many research fields. This would include energy storage, 

motor vehicles, satellites, sensors, or medical equipment. These applications require to 

be cost-affordable, lightweight, durable (long-term stability), biocompatible and 

sustainable. 

 In recent years, electroactive conducting polymers (ECP) based-hydrogels are receiving 

increasing attention since their properties perfectly fit with the previous requirements. 

Not only because of their stretchable and mechanical properties, but also their 

conductivity and capacitance given by the ECP's. Within this context, brand new ECP-

based hydrogels have been synthetized and characterized in the last decade
1,2,3,4

 in order 

to implement them in distinct devices such as solid organic electrochemical 

supercapacitors (OESC)
3
or medical sensors by using 3D hydrogel printers.

5
 

 On one hand, OESC’s containing biodegradable polymers from renewable natural 

sources have become a topic of great interest. These biopolymers are typically used in 

electrodes, imparting lightweight and flexibility. Indeed, polymers from natural sources 

offer challenging opportunities in the development of renewable, sustainable, cheap and 

scalable charge storage devices because of their unique properties and low cost.
6
 

On the other hand, elastic conductors are essential components of electronic devices that 

facilitate human interaction and biofeedback, such as interactive electronics, 

implantable medical devices and robotic systems with human-like sensing capabilities. 

The availability of conducting thin films with these properties could lead to the 

development of skin-like sensors that stretch reversibly and sense pressure.
7 

In this work a new ECP-hydrogel which is composed by PEDOT:PSS and alginate (PA-

h) has been characterized. Furthermore, the hydrogel applicability as energy storage and 

pressure sensor has been investigated. 
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1.2 Objectives 
 

The main goals of this work are summarized in these points: 

 

 Preparation of PEDOT:PSS/Alginate hydrogel (PA-h) 

 

 Characterization of PA-h 

 

 Characterization and improvement/optimization of PA-h hydrogel as a OESC 

electrode 

 

 Development of a touching pressure sensor device 
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Chapter 2: Theoretical background 

2.1 Materials 

2.1.1 Hydrogel  

 

Hydrogels can be defined as hydrophilic tridimensional polymeric structures which can 

retain huge amounts of water on itself without being dissolved. This absorbing behavior 

is due to the presence of hydrophilic groups such as: alcohols (-OH), carboxylic (-

COOH) or other groups that can be found in the backbone chain or in the pendant 

groups. Meanwhile, its not dissolving properties are given by the bonds between the 

polymeric chains.   

Their low interfacial tension,  high permittivity of small molecules  (i.e 

oxygen,  nutrients or soluble metabolites) and its soft and stretchy character makes 

hydrogels feasible candidates as biomaterials for  biological applications and in the 

textile engineering field.
8,9,10

 This include cellular matrixes,  soft tissue transplants, 

contact lenses, etc. On the other hand, due to their high surface area and three 

dimensional porous nanostructure, they display excellent electronic conductivity and 

electrochemical properties (ECP-hydrogels), reason why they are receiving increasing 

attention, especially for their application as electrodes in OESCs devices.
3 

 

Hydrogels have multiple possible classifications
11

, even though can be classified by two 

relevant characteristics. Firstly, depending on the nature of the bonds present in their 

polymeric net 
12

, hydrogels can have physical and reversible bonds (i.e ionic, hydrogen 

bonds) or chemical and irreversible ones (i.e covalent bonds). Secondly, depending 

on  their polymeric composition,  hydrogels can be homopolymers  when their 

polymeric chains  are composed by just one type of monomer, copolymers when the 

polymeric chains are generated by two or more types of monomers 
13

 and at least one 

hydrophilic component or multipolymers when are product of two different polymeric 

chains. 

This project, has worked with a monomeric and physically bounded hydrogel made of 

alginate. 

 

 
Figure1: Hydrogel structure scheme

14
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2.1.2 Alginate 
 

Alginic acid, also called algin, is a polysaccharide distributed widely in the cell walls of 

brown algae which is hydrophilic and forms a viscous gum when hydrated. Its colour 

ranges from white to yellowish-brown, can be found as solid in filamentous, granular or 

powdered forms. In addition, it salts with metals such as sodium and calcium, those 

structures are known as alginates. This substance is considerably present in our 

everyday life, some examples were alginates are commonly used would be in the 

pharmaceutical field  as a compound of some drugs,  in the nutritional sector as a 

groceries thickener and  in the odontological and medical field as moldus, prothesis and 

bandages.
 

 

In order to obtain an alginate hydrogel is necessary to carry out a cross linking for 

generating a tridimensional net structure capable of retaining water. This process can be 

done with any polyvalent cation but magnesium. In this work, calcium ions have been 

used to crosslink the hydrogel because its easy access and enhanced toughness and 

endurability that gives to the material (Figure2).
15 

 

 

 

 
Figure2: Scheme of alginate chains crosslinking process 
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2.1.2 PEDOT:PSS 

 

In order to provide electrical properties such as conductivity and capacitance to the 

hydrogel, PEDOT:PSS has to be added to the alginic acid solution. 

 

PEDOT:PSS or poly(3,4-ethylenedioxythiophene) polystyrene sulfonate is a polymer 

mixture of two ionomers. One component in this mixture is made up of sodium 

polystyrene sulfonate which is a sulfonated polystyrene.  Part of the sulfonyl groups are 

deprotonated and carry a negative charge. The other component poly(3,4-

ethylenedioxythiophene) or PEDOT is an intrinsic conductive polymer (ICP) and 

carries positive charges and is based on polythiophene. Since it is not soluble, needs to 

be attached to the sodium polystyrene sulfonate, which enables the PEDOT dispersion 

in water (Figure3) 
16

. 

 

PEDOT plays a dominant role in several applications like antistatic coatings, cathodes 

in capacitors and other electric and  electronic applications. The most relevant aspects of 

this ICP are its highly electron-rich nature, which plays a remarkable role in the optical, 

electrochemical and electrical properties. It stands out for a high degree of visible light 

transmittivity and low oxidation potential. In doped oxidized state is more transmissive 

to visible light, with a sky-blue transparent color, than in the reduced state, when it 

becomes deep blue 
17

. 

 

 

Figure3: PEDOT:PSS molecular scheme
18 
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2.2 Applications 

 
2.2.1 OESC electrode  

One of the principal aims of this project is to develop an OESC electrode with this new 

material, since electroactive conducting polymers based hydrogels are receiving 

increasing attention, especially for their application as electrodes in OESCs devices. 

 

Nowadays, three different kinds of energy storage devices have been developed: 

batteries, capacitors and electrochemical capacitors. Batteries display low-power 

densities although they have high-energy densities, whereas the opposite is true for 

conventional capacitors. 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. 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 (Figure4). 

 

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. 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.  In fact, ECPs display pseudocapacitance behavior as a result 

of: (i) the redox mechanism (i.e. charge is stored by electron transfer to the 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. 

  

 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.
3
  

 

Figure4: Hydrogel OESC Scheme with PA-h 
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2.2.2 Pressure Sensor 

 
The flexible stretchable conductive hydrogels exhibited great potential for applications 

in electronic sensors and devices and are a hot study spot in recent years.
5 

Since PEDOT’s oxidation implies a variation in its volume and vice versa, PA-h, which 

contains PEDOT chains, presents a variation of its resistivity dependent to the pressure 

is being applied. It has been taken advantage of this property so as to develop a pressure 

sensor device, following Darren J. Lipomi et al. spatial resolution pressure sensor, 

leveraging the variation of capacitance with the applied pressure in their material.
7 

 

 Sensor structure 
 

The sensor design consists in attaching perpendicularly hydrogel rows, obtaining an 

hydrogel grid.  When pressure is applied in the intersection areas, the material 

experiences a variation in the conductivity in that specific line and column. It must be 

emphasized that lines and columns have to be isolated ones from others and among 

them. (Figure 5) 

For reading the resistivity variance of the hydrogel, a microcontroller combined with a 

voltage divider circuit was used. 

 

 

 
 

 

Figure5: Design of the pressure sensor 

 

 

 

 Microcontroller  
 

A microcontroller (MCU) is a small computer on a single integrated circuit. A MCU 

contains a microprocessor, program memory, computer data storage and pheripheral. 

The chosen microcontroller has been Arduino Leonardo due to its programming 

easiness and the multiple analogic inputs. 
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 Voltage divider circuit 
 

Voltage divider circuit is a passive linear circuit that produces an output voltage (Vout) 

that is a fraction of its input voltage (Vin). A simple example of a voltage divider is 

two resistors connected in series, with the input voltage applied across the resistor pair 

and the output voltage emerging from the connection between them. (Figure 6) 

If the current in the output wire is zero then the relationship between the input voltage, 

Vin, and the output voltage, Vout, is: 

                                                  
  

     
                                                 (1)  

 

Were, Z2 is the variable resistance given by the hydrogel and Vout is the voltage read by 

the MCU. 

 
 

Figure6: Scheme of voltage divider circuit with a variable resistance 
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Chapter 3: Experimental  
 

3.1 Previous preparation 

First steps of this project require preparing some solutions in order to produce the 

hydrogel and enhance its properties in further stages of the work. All solutions are made 

with water as solvent. 

CaCl2 

 

Prepared concentrations have been 3 w.t% with MiliQ and 0’1M with ultrapure water. 

 

Alginic acid  
 

Prepared concentrations have been 1,3 w.t% and 3,9 w.t% both with MiliQ water. 

 

Is it needed to homogenize with a mixer and heat (aproximately 50ºC). In addition the 

beaker must be covered with parafilm and might be required to scratch the beaker walls 

to unstuck alginic acid clusters. 

 

PEDOT+Alginate 

 

Since commercial PEDOT:PSS solution has a concentration of 1,3 w.t%, the solution 

made with 3,9 w.t% alginic acid has been called 1/3 and the one with 1,3 w.t% 1/1. 

 

Solution made adding the same volume of PEDOT:PSS and alginic acid solution. It is 

required to homogenize minimum with a mixer for 20min without heat. 

 

HMeDOT 

 

The prepared concentration has been 10mM with 0,1M CaCl2 solution. 

 

It is highly recommended to submerge the solution during 5minutes in the ultrasounds 

machine in order to break down the formed HMeDOT clusters. In addition, has to be 

homogenized with a magnet for 1h at least without heat. It should be remarked that, this 

solution has to be kept in the fridge and avoid the direct contact with light. 
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3.2 Hydrogel preparation 

3.2.1 PA-h 

To prepare [PEDOT/Alginate] hydrogel (PA-h), two molds have been printed. 

Nevertheless the hydrogels can be perfectly produced without them. The two molds 

dimensions are 200x50x4mm (Figure7) and 200x50x2mm and can be filled with 400μl 

and 200μl respectively of the precursor solution. 

Alginic acid polymeric chains have been cross-linked by immersing the molds into 

CaCl2 3% solution for 24 at least. Finally the excess of CaCl2 was removed by washing 

the samples into the supporter electrolyte salt CaCl2 0,1M. 

For carrying out the characterization, have been produced 1/1 and 1/3 PA-h samples, as 

well as the blank sample alginate hydrogel (0/1).  

 Additional information 

It should be remarked: that the hydrogel loses its structural integrity if it is in contact 

with monovalent ions such as Sodium and Lithium. 

 

Moreover, the quantity of ECP can be estimated in order to calculate hydrogel 

electrochemical properties. The calculus is the following: 

 

                           
                      

                     
 

                          

                       
 

          

                       
    (2) 

 

Consequently, the obtained PEDOT mass in our hydrogels 1/1 and 1/3 is 1,0475 µg. 

 

 

 

 
 

Figure7: Mold used in the hydrogel preparation 

  



12 
 

3.2.2 PA-h with ITO 

 

In order to characterize electrochemically the hydrogel, had to be prepared special 

samples in contact with an ITO layer. 

 

ITO (Indium tin oxide) is an electrical conductive colorless film with less 

electrochemical response than metals. Owing to its peculiar properties and the affinity 

of our hydrogel to its surface, this material was the perfect candidate to carry out with 

the hydrogel electrochemical characterization. 

 

Pieces of ITO which fit in the mold have been cut and stuck by the non-conductive face 

of the material with silicone in one of the two largest walls of the molds (Figure8). 

Straightaway the moldus is with the hydrogel precursor solution and submerged in the 

crosslinker solution. As a result, is obtained an hydrogel layer stuck in the conductive 

face of ITO, which makes much easier the characterization of this new material 

(Figure9). 

 

 Additional information 

 

Taking the sample out of the moldus is a tricky task, specially the 1/1 kind. If the 

hydrogel is broke during the process, that sample is not useful anymore. 

 
 

 

       
Figure8: Hydrogel+ITO in the moldus 

 

 

 
Figure9: Hydrogel+ITO  sample 
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3.3 Morphological analysis 

 
SEM 
 

Scanning electron microscopy (SEM) studies were performed to examine the surface 

morphology of PA-h electrodes. Dried samples were placed in a focused ion beam Zeiss 

Neon 40 scanning electron microscope operating at 5 kV, equipped with an energy 

dispersive X-ray (EDX) spectroscopy system. EDX analyses were performed to study 

both polymer distributions. 

 

Swelling Ratio (SR) 

 

The swelling ratio (SR, %), which is a good indicative of hydrogel cross-linking degree, 

will be determined for PA-h: 

 

                          
     

  
                                                (3) 

 

Where Ww is the weight of the hydrogel after being immersed in distillate water for 24 

hours and Wd is the weight of the dried hydrogel (i.e. after freeze-drying). 

 

AFM 

 

 Atomic force microscopy (AFM) images were obtained with a Molecular Imaging 

PicoSPM using a NanoScope IV controller under ambient conditions. The tapping mode 

AFM was operated at constant deflection. The row scanning frequency was set to 1 Hz. 

AFM measurements were performed on various parts of the films, which provided 

reproducible images similar to those displayed in this work.  
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3.4 Chemical analysis 
 

ATR-FTIR 

 

Atenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR) spectra 

were obtained with a FTIR 4100 spectrophotomter, equipped with a diamond crystal 

(Specac model MKII Golden Gate Heated Single Reflection Diamond ATR). The 

samples were evaluated using spectra manager software. For each sample 3 scans were 

performed between 4000 and 600      with a resolution of 4     at room 

temperature. 

 

Raman spectroscopy 

 

Samples were characterized by micro-Raman spectroscopy using a commercial 

Renishaw inVia Qontor confocal Raman microscope. The Raman setup consisted of 

two laser at 785 nm and 532nm,  both with a nominal 500mW output power 

and  directed through a microscope (specially adapted Leica DM2700 M microscope) to 

the sample, after which the scattered light is collected and directed to a spectrometer 

with a 1200 lines·mm−1 grating and 2400 lines·mm−1 grating respectively. The 

exposure time was 10s, the laser power was adjusted to 0,05% and 1% respectively of 

its nominal output power, and each spectrum was collected with three accumulations. 
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3.5 Electrochemical analysis 

 
 All electrochemical experiments were run in triplicate using 0.1 M CaCl2 solution as 

supporting electrolyte 
4
. Cyclic voltammetry (CV) was carried out to evaluate the 

electroactivity, areal specific capacitance (SC), and the electrochemical stability of the 

prepared electrodes. The initial and final potentials were 0V, and the reversal potential 

was 0.8 V. A scan rate spectrum from 50 mV/s to 500mV/s was used in all cases. 

The areal SC (in F/     ) was determined using the following expression: 

 

                                                    
 

    
                                              (4)  

 

Where Q is voltammetric charge determined by integrating the oxidative or the 

reductive parts of the cyclic voltammogram curve, ΔV is the potential window (in V), 

and A is the area of the electrode (in    ). The exposed area of the different electrodes 

for CV analyses was 1   . The electrochemical stability was examined by evaluating 

the loss of electroactivity (LEA, in %) against the number of oxidation−reduction 

cycles: 

 

                                         
  

  
 

     

  
                                      (5) 

 

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

the evaluated oxidation−reduction cycle (Qi). 

 

Galvanostatic charge−discharge (GCD) cycles were run between 0 and 0.80 V using 

different currents from 10 to 15 μA/     and 0,1mA/      for the long cycle 

ones. GCD curves were also employed to evaluate the areal SC according to: 

 

                                                   
∫     

    
                                                    (6)  

 

Where I is the applied current, Δt is the time of discharge (in s), ΔV is the difference 

between the potential at the beginning and at the end of the discharge (in V), and A is 

the area of the electrode (in cm
2
). 

 

Moreover, the leakage current (LC) and self-discharging (SD) response of PA-h 

electrodes were evaluated by applying methods previously described. For the former, 

after charging the device to 0,8 V at 0,25 mA      it was kept at 0,8 V for 10 min 

while recording the current. For the latter, PA-h electrodes were charged to 0.8 V 

at 0,25 mA and kept at           mA for 10 min (self-discharging). After that time, 

the device was discharged to 0 V at −1 mA. Data were obtained from three different 

samples. 

Besides, the coulombic efficiency (η, %) was evaluated as the ratio between the 

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

window between 0,0 V and 0,8 V: 

                                           
  

  
                                              (7) 
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3.6 Improvement of PA-h electrodes 
 

In order to enhance [PEDOT:PSS/Alginate] hydrogel electrochemical properties, an 

electropolymerization was carried out to the electrodes, which  represents a step ahead 

with respect to the  PA-h electrodes
4
. More specifically, the hydrogel has been 

synthesized in presence poly(hydroxymethyl-3,4-ethylenedioxythiophene) 

(PHMeDOT), a PEDOT derivative with an exocyclic hydroxyl group that facilitates its 

preparation in aqueous environments. Accordingly, the novelty of this work is related 

with the PEDOT:PSS of the hydrogel, which is subsequently used as nucleation sites for 

the electropolymerization of PHMeDOT inside the hydrated hydrogel. The excellent 

properties of the resulting electrode composite, the contribution of its different 

components (i.e. Alginate, PEDOT:PSS and PHMeDOT), and its potential applicability 

are discussed in the next sections. 

 

PEDOT/Alginate hydrogel was kept immersed in the reaction medium overnight whilst 

stirring at 200 rpm. The PA-h settled in ITO was used as working electrodes for the 

anodic polymerization of PHMeDOT by chronoammperoetry (CA). The reaction 

medium was a 10 mM HMeDOT aqueous solution with 0.1 M CaCl2 as supporting 

electrolyte. The anodic polymerization was conducted under a constant potential of 1.10 

V using a polymerization time, θ,  1 hour. Thus, in a preliminary study (Figure23) we 

observed that such value is representative of systems obtained using θ between 30 min 

and   2h. The loaded PEDOT/Alginate hydrogel electrochemically modified with 

PHMeDOT is denoted [PEDOT/Alginate]PHMeDOT (PAP-h). 

 

 

 

 
 

Figure10: Hydrogel being chraracterized in the autolab 
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Chapter 4: Results and Discussion 

 

4.1 Morphological Characterization 

 
4.1.1 SEM  

 

4.1.1.1 PA-h 

 

Figure 11 and 12 display the morphology of PA-h 1/1 and 1/3 respectively. All 

systems presented an open structure with abundant pores surrounded by compact 

regions, which are required to maximize the pseudocapacitance. Hence, such 

opened structures promote the ion movement at the electrode-electrolyte 

interface during charge-discharge processes. SEM images evidence that the 

morphology depends on the alginate density. The distribution evolves towards 

larger pores as PA-h alginate’s concentration is increased. Specifically, the 

averaged pore size of PA-h, 1/1 and 1/3 hydrogels is 9,78± 1,8µm, and 67,97 ± 

11,16 µm,  respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure11: 1/1 PA-h SEM image 

 

 
Figure12: 1/3 PA-h SEM image 
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4.1.1.2 PAP-h 

 

Figure 13 display the morphology of PAP-h 1/1. The system displayed the similar 

porous structure of PA-h 1/1 but partially recovered with PHMeDOT. Figure 14 

shows a closer image of PAP-h were can be appreciated PHMeDOT clusters, 

verifying the success of the PEDOT electopolymerization in the hydrogel. 

Figure13: 1/1 PAP-h SEM image 

Figure14: 1/1 PAP-h SEM image 

4.1.2 SR 

 

The obtained swelling ratios were the following. 

 

Hydrogel Swelling ratio (%) 

1/1 6392±0,66 

1/3 3627±0,25 

Table1:PA-h SR 

These significant differences reflect the remarkable influence of the alginic acid 

concentration in the cross-linking density. 
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4.1.3 AFM 

 

Figure 15 and 16 displays a representative height AFM image and cross-sectional 

profiles of PA-h. As it can be seen, the surface topography of the hydrogel is defined by 

the micrometric size of the pores that are separated by compact regions, which is fully 

consistent with SEM observations. Furthermore, phase images indicates PA-h have an 

homogenous structure, lacking of PEDOT:PSS or alginate clusters. 
 

 
 

 
Figure15: PA-h 1/1 AFM images 

 

 

 

 

Figure16: PA-h 1/3 AFM images 
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4.1.4 EDX 

 

The energy dispersive spectroscopy reassured the homogeneity of the hydrogel 

previously seen in AFM phase images, since all the obtained PA-h spectra have the 

same shape. Furthermore, PA-h specta is a combination of PEDOT:PSS and alginate 

due to presents S PEDOT:PSS and Ca alginate peaks (Figure17), which is in agreement 

with AFM images regarding the homogeneity of both materials in the hydrogel 

structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure17: PEDOT:PSS Alginate and PA-h EDX spectrums, from top to bottom 
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4.2 Chemical Characterization  
 

4.2.1 FTIR 

 

As it can be seen, alginate exhibits absorption band characteristics at 1635      which 

can be due to asymmetric stretching vibration of COO groups, 1419      (symmetric 

stretching vibration of COO groups), and 1050      (elongation of C-O groups).
19 

On 

the other hand, regarding PEDOT:PSS peaks, the absorption bands at 1519 (C=C), 1295 

(C-C) and 827 (C-S) originate from the thiophene ring in PEDOT. Moreover, in the 

different PA-h samples as PEDOT:PSS proportion is increased, less pronounced are the 

characteristical alginate peaks and more prominenced are the PEDOT:PSS ones.
20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure18: FTIR spectrum 
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4.2.2 Raman 

 

In the Raman spectra can be appreciated the vibrational modes of PEDOT at 1524 

    , 1452     , 1383     , and 1272     , which are assigned to the    
   asymmetrical,       symmetrical,        stretching, and       inter-ring 

stretching vibrations, respectively. The vibrational modes of PSS are located at 1110 

    and 1000     .
21 

On the other hand, Alginate spectra present the characteristic 

asymmetric and symmetric bands of carboxylate ion (COO−) at 1616–1611 cm−1 and 

near 1446 cm−1, respectively.
22 

As it can be seen,  PEDOT:PSS signal disguise alginate 

response in the different PA-h spectrums. 
  

 
 

Figure19: Raman spectrum 

  

600 800 1000 1200 1400 1600

ALG PEDOT/ALG 1/3 PEDOT/ALG 1/1 PEDOT/ALG 3/1 PEDOT:PSS



23 
 

4.3 Preparation of OESC electrodes 

 
4.3.1 [PEDOT/Alginate] ratio influence 

 
Electrochemical characterization started by comparing the cyclic voltammetry’s of 1/1 

and 1/3 hydrogels (Figure 20). As it can be observed, the shape of both CV’s is very 

similar, the difference being the area entrapped in each curve. This difference suggests 

that 1/1 hydrogel has higher energy storage capability than 1/3 hydrogel. These result 

can be explain based on the higher content of the pseudocapacitive PEDOT within the 

1/1 hydrogel. From these results and looking for an outstanding OESC electrode 

application, we decided to continue our study with the 1/1 hydrogel.   

 

 
Figure20:  500mv/s CV comparison of 1/1 and 1/3 hydrogel 
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4.3.2 [PEDOTPSS/Alginate] electrodes characterization 

 

CV and GCD of PA-h 1/1 were performed at different scan rates to observe variations 

in the electrochemical properties such as the capacitance of the material, obtaining the 

following results: 

 

 
Figure21:  CV of 1/1 hydrogel 

 

 
Figure22:  GCD of 1/1 hydrogel 

 

As it can be seen, when CV scanning rate is increased also does the electrode 

capacitance. Nevertheless, the material possesses a very low electrode capacitance in 

order to be a feasible supercapacitor electrode
4
. Regarding the GCD curves, exhibited 

slight distortions with somewhat non-symmetrical curves due to discharge time is lower 

than the charge time. Therefore, is required a further increase of the electrochemical 

performance of the hydrogel.  

  



25 
 

4.3.3 Improvement of the electrochemical capacitance  

 
So as to increase SC capacitance of PA-h 1/1, hydrogel samples were used as work 

electrodes for the anodic polymerization of PHMeDOT inside them obtaining PAP-h 

1/1. Distinct polymerization times have been tested (i.e 30, 60, 90, 120 minutes) in 

order to obtain the optimum chronoamperimetry duration. The obtained results were the 

following ones: 

 
Figure23: CV of hydrogel with different polymerization times 

Form Figure23 can be concluded that 60 min is the optimus time for the 

chronoamperimetry due to its the curve is the one with more area and highest values. 

 

In addition, blank tests were carried out so as to be assured that it was the hydrogel 

which it was getting polymerizated instead of the ITO or other parasite reactions. This 

involved chronoamperimetries in PA-h 0/1 with and without HMeDOT soaking and 

PA-h 1/1 with and without soaking. 

 

Is understood as soaking to the immersion of the hydrogel in HMeDOT 10mM solution 

for 24h before the polymerization. 
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Figure24: Accumulated charge during 1h polymerization 

 

Figure24 shows the accumulated charge in the electrodes during 1h polymerization. As 

it can be seen, only when PA-h 1/1 + HMeDOT soaking is electropolymerizated is 

generated a remarkable charge in the sample. On the other hand, PA-h 0/1 + HMeDOT 

soaking presents a slightly higher charge generation comparing it with PA-h and PA-h 

0/1 due to the generation of PHMeDOT in the ITO layer. Finally, PA- h 0/1 and PA-h 

1/1 almost do not present charge increase, being the last the one with a major charge 

increase. 

By dimishing PA-h 0/1 + HMeDOT charge to the PA-h 1/1 +  HMeDOT soaking it can 

be obtained the total charge generated inside the hydrogel and consequently the quantity 

of PEDOT polymerized. The accumulated charge during the chronoamperimetry is 

related with the generated polymer inside the hydrogel by the Farday law : 

 

                                 
        

      
 

          

    
 

             

           
                      (8) 

 

Were Q is the charge obtained at the end of the chronoaperimety and n are the number 

of electrons involved in EDOT polymerization, which is two. It should be remarked that 

it has been used the PEDOT  monomeric molar mass (172.2 g/mol). Therefore, it can 

easily obtained the charge generated by the PHMeDOT inside the hydrogel, which is 

0.24298C and consequently the quantity of generated PEDOT, which is 216,2µg. 
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4.3.4 [PEDOT:PSS/Alginate]PHMeDOT electrochemical characterization 

 

 CV and GCD of PAP-h 1/1 were performed, obtaining the following results: 

 

Figure25:  CV of 1/1 hydrogel after electropolymerizing 1h 

Figure26:  GCD of 1/1 1h electropolymerized  hydrogel 

It can be seen  the CV’s scale range after the polymerization has been increased almost 

three orders of magnitude compared to PA-h CV’s, denoting an enhancement of its 

electrochemical properties and consequently obtaining a feasible candidate for being the 

electrodes of  a supercapacitor. Regarding the GCD’s curves, present a triangular shape 

with an averaged  Vdrop  of 0.497V at the beginning of the discharging. In addition, 

compared to PA-h GCD’s, charging and discharging times have been increased more 

than three orders of magnitude, corroborating the CV’s obtained results. 
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4.3.5 Specific capacitance  

 CV 
 

Specific capacitance calculus was carried out from the CV’s data obtaining the 

following results expressed in  
  

    : 

 

 
1/3 1/1 1/1 Electropol 

50mv/s 0,0414 0,056 13,6 

100mv/s 0,0215 0,0428 6,14 

200mv/s 0,0117 0,0154 2,25 

500mv/s 0,00576 0,00763 1,33 

Table2: SC’s obtained from CV’s 

 

It can be noticed that 1/3 SC is lower than 1/1 as expected from the plots. On the 

other hand 1/1 electropolymerized hydrogel presents an astonishing increase of three 

orders of magnitude in its SC

 GCD 

 
Specific capacitance calculus was carried out from the GCD’s data obtaining the 

following results expressed in   
  

    : 

 
 

 

 

 
Table3: SC’s obtained from GCD’s 

 

This results reassure the hydrogel SC enhancement, even obtaining better prospects. 

 

 PAP-h SC per gram of ECP 

 

In addition,  SC can be normalized by the estimated grams of ECP present in the 

PAP-h (i.e. 217.24µg) obtaining the following results expressed in 
 

 
 : 

 
 CV  GCD 

50mv/s 62,60 15 µA/C   405,08 

100mv/s 28,26 12,5 µA/C   337,16 

200mv/s 10,35 10 µA/C   319,22 

500mv/s 6,12 - - 

Table4: SC’s per gram of PEDOT 

 

  

 PRE POST 

15 µA/C   0,0455 88 

12,5 µA/C   0,0301 73,3 

10 µA/C   0,0154 69,4 



29 
 

4.3.6 Efficiency η 

 
Columbic efficiency was calculated in %, showing a remarkable increase after the 

polymerization, reassuring once more that PAP-h can be a feasible material for 

developing an OESC electrode. 

 
 PRE POST 

15 µA/C   9,54 87,2 

12,5 µA/C   20,7 82 

10 µA/C   29,4 71,4 

Table5: Obtained efficiency before and after polymerization 

  
4.3.7 Lifetime stability  

Cyclability (i.e. from hundreds to thousands of cycles) is an important requirement for 

practical supercapacitor  applications 
3
. 

The PAP-h 1/1 was submitted to 1000 consecutive CV cycles from 0 to 0.8 V at a scan 

rate of 100 mV/s (Figure27). After such amount of cycles, the SC decreased from 10,45 

F/g (2
nd

 cycle) to 7,87 F/g, which represents 75,3% of SC retention. In addition, loss of 

electroactivity (LEA) was calculated obtaining 23,5%, result  which is in agreement 

with the obtained SC retention. 

 
Figure27: PAP-h  1/1 1000 cycle CV evolution 

 
 

#Cycles SC (mF/     LEA (%) 

1 2,27 0 

500 1,95 14,27 

1000 1,71 23,5 

Table6:  CV 1000 cycle PAP-h  1/1 properties  
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As regards PAP-h 1/1 GCD, was submitted to 3000 cycles at a current density of 

0,1mA/cm
2
 (0.46 A/g) from 0 V to 0.8 V, which corresponds to tc and td values of 

approximately 10 seconds (Figure 30). After such amount of cycles, the SC decreased 

from 8,28 F/g to 4,42F/g, which represents 53,4% of SC retention. 

 

Figure28: PAP-h 3000 cycle GCD evolution 

 

As it can be seen in Figure 28, the triangular GCD shape presents a larger Vdrop than in 

Figure 26. This phenomena could be explained because of the higher charge-discharge 

current, producing a lower charge retention capacity by the electrode. 

 

 

#Cycles SC (mF/     
1 1,8 

1000 1,48 

2000 1,14 

3000 0,96 

Table7: GCD 3000 cycle PAP-h  1/1 properties 

Even though has to be confirmed with further tests, this reduction in the SC values 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.
3 

Nevertheless, comparing PAP-

h 1/1 stability with other electrodes of its kind, can be realized that PAP-h preserve its 

SC sufficiently.
23 
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4.3.8 LC 

The leakage current measurement shows that current tends with time to a fifth of the 

initial current applied (Figure29). This small leakage current is associated to a pretty 

good stability of the PAP-h OESC, which is crucial for energy storage applications. 

Figure29: PAP-h 1/1 leakage current  

 
4.3.9 SD 

 
The self-discharge measurement shows an ending cell voltage at voltages comprised 

between 0.4 and 0.3 V after the set period of time (Figure30), which indicates that in the 

short term the self-discharging tendency of the PAP-h device is low. 

Figure30: PAP-h 1/1 self discharge   
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4.4 Pressure sensor device 

 

4.4.1 Sensor preparation 

 

An hydrogel grid  had to be fabricated to produce a device with spatial resolution . 

Firstly, a flexible silicone moldus was made in which hydrogel PA-h 1/3 lines were 

cross-linked. 

 

 

        
Figure31: Pressure sensor moldus and moldus filled with 1/3 hydrogel  

 

 

A second patterned substrate was positioned orthogonal to the first, continuing with 

placing copper wires at the ends of the hydrogel lines, and laminating the substrates 

together with Ecoflex (silicone). 

 

 

.  

 

Figure32: Complete pressure sensor 

 

Remark: One of the trickiest parts of this application is preparing properly the pressure 

sensor. Since the hydrogel crosslink, avoiding relief or an irregular line surface to 

making the connections between the hydrogel and the wires properly. 
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F 

 

4.4.2 Working principle 

 

Hydrogel lines resistivity have been measured with the combination of a 

microcontroller and a voltage divider circuit (Figure32).  

 

As it has been explained in the 2.2.1 section the voltage divider circuit variable 

resistance (Z2) is the given one by the hydrogel lines. On the other hand the chose Z1   

has been 220KΩ due to is a similar value to hydrogel lines resistance giving the system 

an enhanced resolution. Regarding the power supply (Vin) and the GND of the voltage 

divider circuit are the given by the microcontroller Arduino Leonardo (5 V). 

 

Vout has been measured with an Arduino Leonardo, which has an analogic pin 

connected between Z1 and Z2. Through an Arduino code which reads the amount of bits 

received from Vout and converted into Z2 by ohm’s law, can be calculated the resistivity 

of every hydrogel line. It has to be remarked that each hydrogel line has a voltage 

divider circuit and towards a loop the microcontroller reads its resistivity continuously. 

 

The main goal of the pressure sensor device is to detect a resistance variation 

simultaneously in two perpendicular lines. When this occurs, the microcontroller detects 

it and turn on the respective LED obtaining in this way a spatial resolution pressure 

sensor device. 

 

 

Figure32: Scheme of the pressure sensor device 
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4.4.3 Assembled device  

 

After many tests, prototypes and attempts the resulting spatial resolution pressure 

device made with PA-h 1/3 had this appearance (Figure 33): 

 

 
 

Figure33: Complete pressure sensor device 

 
 

 

As explained in the previous section, when is pressed in two perpendicular hydrogel 

lines intersection, the resistivity variation is read by the microcontroller and displays the 

corresponding LED. In Figure 34 pressure is being applied in the intersection assigned 

with colour green, consequently the green LED is turned on.  

 

 
 

Figure34: Pressure sensor device detecting pressure in the green spot 
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Chapter 7: Conclusions and perspectives

 
To conclude these Bachelor thesis , are summarized in this section the most remarkable 

results, a review of  the  accomplished objectives and an overview on future prospects.  

 

 Successfully characterized PA-h morphologically and chemically, resulting as a 

porous homogenous material

 

 Optimized the electropolymerization process of PA-h enhancing its 

electrochemical properties up to a SC of 405 F/g and a LEA of 23,5%

 

 Developed a pressure sensor device with spatial resolution 

 

 Willing to produce the first OESC prototypes with the material 

 

 It is expected to improve the pressure sensor making it reusable 
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