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Abstract 

Unsaturated polyesteramides (UPEA) polymers, and derivated hydrogels with 

porous structure and electrolyte absorption properties are considered to be a 

good potential solid state electrolyte (SE) for solid organic electrochemical 

supercapacitors (OESCs). Hydrogels based on UPEAs and crosslinked with 

polyethylene glycol (PEG), and also containing NaCl as supporting electrolyte 

were prepared and characterized. Also, atomic properties were studied with a 

simulation of a generated UPEA-based hydrogel system. Steel sheet electrodes 

with PEDOT films were prepared and characterized. Solid organic 

electrochemical supercapacitor (OESC) was fabricated with UPEA-based 

electrolyte and PEDOT electrodes. OESC prototype was characterized 

electrochemically and his performance was compared with other OESCs with the 

same PEDOT electrodes configuration.  
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Glossary 

AFM Atomic Force Microscope 

AMBER Assisted Model Building with Energy Refinement 

CA Cronoamperometry 

CE Counter Electrode 

CV Cyclic voltammetry 

DMSO Dimethyl sulfoxide 

DSC Differential Scanning Calorimetry 

EDOT 3,4-Ethylenedioxythiophene 

FC Fumaryl chloride 

Fortran FORmula TRANslation 

FPBe Name of the polymer of the UPEAG hydrogel  

FT-IR Fourier Transform infrared Spectroscopy 

GAFF General AMBER force field 

GCD Galvanostatic charge/discharge 

HB Hydrogen bond 

KC k-Carrageenan 

LC Leakage current 

LCPO Linear Combinations of Pairwise Overlaps 

L-Phe L-Phenylalanine 

MD Molecular dynamics 

NaCMC Carboxymethyl cellulose sodium salt 

NF di-p-Nitrophenyl fumarate 

NMR Nuclear Magnetic Resonance Spectroscopy 

NP Nanoparticles 
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OESC Organic Electrochemical Supercapacitor 

PBe L-Phenylalanine 2-Butene-1,4-diester 

PEA Polyester amide 

PEDOT Poly(3,4-ethylenedioxythiophene) 

PEG Polyethylene glycol  

PEG-DA Polyethylene glycol diacrylate 

Ɣ-PGA Poly-Ɣ-glutamic acid 

RDF Radial Density Function 

RG Radius of gyration 

RMSD Root mean squared distance 

Rq Root mean squared roughness 

SASA Solvent Accessible Surface Area 

SC Specific capacitance 

SD Self-Discharge 

SE Solid state Electrolyte 

SEM Scanning electron microscopy 

SSE Solid state Electrode 

SR Swelling ratio 

TIP3P Transferable Intermolecular Potential with 3 Points 

TGA Thermogravimetric analysis 

Tg , Tm Glass transition temperature, Melting temperature 

TosOH-H2O p-Toluenesulfonic acid monohydrate 

UPEAG Unsaturated polyester amide gelated 

UV Ultra-Violet 

WE Working Electrode 
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Chapter 1  

1- Introduction 

Energy storage is the key to a renewable and sustainable world. Almost 

everything we use in our world needs a certain type and quantity of energy to 

make it work: petrol in cars, batteries in toys, food in our stomachs... It was with 

the discovery of electricity when started the need of energy storage. Nowadays, 

there is an increasing great interest in thin, flexible, safe energy storage devices 

made of eco-friendly materials [1]. Indeed, Solid Organic Electrochemical 

Supercapacitors (OESCs) have countless possibilities for developments in 

technology and medical science, such as high-capacity batteries, artificial 

muscles, biosensors or even self-regulated drug delivery systems. 

1.1 Solid Organic Electrochemical Supercapacitors (OESCs) 

state of the art  

OESC composed of biodegradable and biocompatible polymers has become a 

topic of great interest. These biopolymers are typically used in electrodes [2], 

imparting lightweight and flexibility, or also as solid state electrolyte (SSE) acting 

as a reservoir of absorbed ions. Electrochemical capacitors rely on charge 

separation at electrode/electrolyte interfaces to store energy (see section 2.3).  

Also, they have superb specific power compare to batteries, but modest specific 

energy. Capacitors have energy density lower than 0.1 Wh/kg, but are able to 

release stored energy In contrast, batteries cannot release energy speedily but 

have high energy density raging between 10 and 100 Wh/Kg [3].   

State of art OESCs have increased his energy density to the range of 1-10 

Wh/Kg. These devices are composed of two non-reactive porous electrodes 

immersed into an electrolytic medium and electrically isolated by a membrane to 

allow the migration of ions. Also, they have good acceleration, robustness and 

excellent life cycle, which can improve the effectiveness of battery-based systems 

by shrinking the volume of the batteries and reducing the frequency of their 

replacement [21].  

1.3 Aims of the project 

The idea of this project is to create a full flexible OESC using a hydrogel based 

on unsaturated polyester amides (PEAs) as the electrolyte and the same 

hydrogel as electrodes increasing his conductivity with the aggregation of a 
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conductive polymer nanoparticles (NPs), particularly PEDOT polymer in this 

case. The main application of this device is using the PEDOT nanoparticles as 

encapsulating particles to kept a drug inside and liberate the drug with and 

applied voltage. 

 

Scheme 1.1 Synthesis process for hydrogel based on PEAs and charged with a 

drug encapsulated in PEDOT particles.  

However, in this project we will only do the characterization of a unsaturated 

polyesteramide gelated (UPEAG) hydrogel as an electrolyte, using PEDOT 

directly polymerized to a steel as electrode (see section 3.1). The objectives of 

this project will be: 

1. Synthesis and characterization of UPEAG hydrogel as electrolyte. 

2. Computational analysis of atomistic behaviour of UPEAG hydrogel. 

3. Synthesis and characterization of PEDOT electrodes. 

4. Fabrication of the OESC prototype with solid PEDOT electrodes. 

5. Electrochemical characterization of the OESC prototype and comparative 

with other OESCs with the same PEDOT electrode configuration.  

 

 

 

 



 
7 

 

Chapter 2 

In this part of the thesis, the basic concepts of polymers and hydrogels as well as 

fundamentals of the supercapacitors to understand the basis of this project.  

2- Theoretical background  

2.1 Polymers  

2.2.1 Monomers and Polymers  

Polymers are simply defined as useful chemicals made of many repeating units. 

The suffix poly- stands for many and the prefix –mer would be the repetitive unit. 

Polymers can be a three-dimensional network, a two-dimensional network or a 

chain. The repetitive units basically give the chemical elements and local 

structure of the polymer. In order to make the polymer network many repetitive 

units are chemically hooked or polymerized together.  Repetitive units, also called 

monomers, are often composed of carbon and hydrogen, and sometimes of 

oxygen, nitrogen, sulphur, chlorine, fluorine, phosphorous, and silicon. 

Many polymers are made of hydrocarbons, compound of carbon and hydrogen. 

These polymers are specifically made of carbon atoms bonded together into long 

chains that are called the backbone of the polymer. Because of the nature of 

carbon, one or more other atoms can be attached to each carbon atom in the 

backbone. Other common manufactured polymers have backbones that include 

elements other than carbon. There are also some polymers that, instead of 

having a carbon backbone, have a silicon or phosphorous backbone. These are 

considered inorganic polymers.  

Every polymer has very distinct characteristics, which are broadly divided into 

several classes upon its physical basis: microstructure, morphology, mechanical 

properties, transport properties, phase behaviour, chemical properties, optical 

properties…[4]  

2.2.2 Copolymers  

In this project we will use a copolymer. A copolymer is a polymer derived from 

more than one species of monomer. Monomers within a copolymer can be 

distributed along the backbone in a variety of ways. Sequence-controlled 

polymers are copolymers whose distribution of monomers is controlled in its 
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synthesis [5]. The main classes of sequence-controlled copolymers, based on 

how its units are arraigned along the chain, are: 

1) Statistical copolymers: are copolymers arranged in which the sequence 

of monomer residues follows a statistical rule. In particular, a random 

copolymer have the probability of finding a given type of monomer 

residue at a particular point in the chain equal to the mole fraction of 

that monomer. 

2) Block copolymers: comprise two or more homopolymers (only have one 

type of monomer) subunits linked together. 

3) Alternating copolymers: normally consist on two regularly alternating A 

and B units. 

4) Gradient copolymers: the composition of A and B changes gradually 

along the chain. 

5) Stereoblock or Graft copolymers: in which the blocks differ only in the 

stereochemistry of the monomers. 

6) Periodic copolymers: with A and B units arranged in a repeating 

sequence. 

 

Figure 2.1 Classification of copolymers [6]. 

 

In this project an alternating copolymer called FPBe will be synthesized with NF 

and PBe as the alternated monomers (see chapter 3).  
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2.2.3 Conductive polymers  

Conductive polymers are polymers with the capacity of conducting electrons 

similarly to metals. The main reason why the metals are good conductors is 

because their electrons are delocalized whereas polymers (non-metal) have their 

electrons bonded with higher energies preventing its movement. However, 

polymers can be as conductive as some metals by changing the structure of the 

atoms within the monomers. For example, the addition of bromine gas to 

polyacetylene increases its conductivity to the same magnitude of that of copper. 

Indeed, polyacetylene have a conjugated backbone (alternated simple and 

double covalent bonds between carbons of the polymer chain) with pi bonds 

creating delocalized orbitals for the electrons where the mobility of electrons can 

be enhanced by a doping process [6]. Overall, there are countless possibilities 

for developments in technology and medical science, such as high-capacity 

batteries, artificial muscles, and biosensors. 

In this project PEDOT will be used as a conductive polymer for the electrodes of 

the capacitor. Advantages of this polymer are optical transparency in its 

conducting state, high stability and moderate band gap and low redox potential. 

A large disadvantage is poor solubility. 

 

Figure 2.2 Chemical structure of PEDOT.   

2.2 Hydrogels  

Hydrogels constitute a group of 3D polymeric materials whose hydrophilic 

structure makes them capable of absorb large amounts of water inside their 

networks. There are high interests in employment of hydrogels in a wide number 

of industrial and environmental areas. There are natural hydrogels with very good 

properties but synthetic types can achieve higher capacity, long service life, and 

wide varieties of raw chemical resources [7]. 

In this work, a hydrogel based on unsaturated polyesteramides (UPEAG) will be 

used as electrolyte for a supercapacitor device.  
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2.3 Supercapacitors  

A supercapacitor is a high-capacity capacitor but lower voltage limits and is 

situated between electrolytic capacitors and rechargeable batteries. 

Supercapacitors can store one hundred times more energy per unit mass than 

electrolytic and cap accept and deliver charge faster than batteries. There are 

three main types of supercapacitors: 

 Electrostatic double-layer capacitors: This capacitors generate a double-

layer, one of positive charge of ions adsorbed and the other of negative 

charge of ions attracted to the surface by Coulombic forces. This 

supercapacitors often have porous electrodes and electrolytes. The 

separation of charged layers is ranged between 0.3 and 0.8 nm. 

 Electrochemical pseudocapacitors: This capacitors use metal oxide or 

conducting polymer electrodes with high amount of electrochemical 

capacitance that to the double-layer. 

 Hybrid capacitors: use electrodes with different properties, one with mostly 

electrostatic capacitance and the other electrochemical capacitance. 

In this project an Organic Electrochemical Supercapacitor (OESC) would be 

fabricated with UPEAG as electrolyte and PEDOT conductive polymer as 

eletrodes. 
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Chapter 3  

3- Experimental section  

In this chapter, are detailed the steps of the synthesis and all the materials 

purchased for the experiments. Also, the characterization techniques used are 

listed and briefly explained. 

3.1   Materials  

All reagents were used without further purification. Acetonitrile (Panreac), 3,4-

ethylenedioxythiophene (EDOT, 97%) stored in a fridge at 5 ºC before use  

(Sigma-Aldrich), LiClO4  (95.0%)  stored in an oven at 70 ºC before use (Sigma-

Aldrich), L-phenylalanine (L-Phe) (Sigma-Aldrich), p-toluenesulfonic acid 

monohydrate (TosOH – H2O, 99%) (Sigma-Aldrich), cis-2-butene-1,4-diol (97%) 

(Sigma-Aldrich), toluene (99.7%) (Scharlau), dimethyl sulfoxide (DMSO, 99.5%)  

(Panreac), fumaryl chloride (FC, 95%) (Sigma Aldrich), acetone (Sigma-Aldrich), 

p-nitrophenol (>99.5%) (Sigma-Aldrich), triethylamine (>99%, Sigma-Aldrich), 

CO2 (dry ice), Polyethylene glycol (PEG, weight-average molecular weight 10000 

g/mol and 2000 g/mol) (Fluka Chemika), acryloyl chloride (97%) (Sigma-Aldrich), 

n-hexane (95%, Panreac), N,N-dimethylacetamide (DMA) (Sigma-Aldrich), ethyl 

acetate (Fluka Chemika), 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (Irgacure 2959, 98%) (Sigma-Aldrich), NaCl (Fisher), milli-

Q water grade (0.055 S/cm) was used in some processes. 

3.2   Synthesis  

3.2.1 Fabrication of Solid State Electrodes (SSEs)  

The fabrication of this type of electrodes with PEDOT is described in other works 

which use the same ESC structure [8], [9]. PEDOT was deposited in a steel sheet 

of 6 cm2 by anodic polymerization in acetonitrile using a three-electrode 

compartment cell under nitrogen atmosphere (99.99% pure) at room 

temperature. An Ag|AgCl electrode containing KCl saturated aqueous solution 

was used as a reference electrode, while the two other electrodes, the working 

and the counter electrodes,  were steel sheets previously cleaned with acetone, 

ethanol and distilled water. The process consists on a chronoamperometry (CA, 

this electrochemical method is explained in the section 3.3 characterization 

techniques) at a constant potential of 1.25 V until reaching of a polymerization 
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charge of 500 mC/cm2. The reaction medium was composed by an acetonitrile 

solution of 10 mM of EDOT monomer and 0.1 M LiClO4.  

 

Figure 3.1 Set-up for the PEDOT synthesis by anodic polymerization. 

The mass of PEDOT deposited onto the electrode was determined as the weight 

difference between 23 coated and uncoated steel sheets using a CPA26P 

Sartorius analytical microbalance with precision of 10-6 g. 

3.2.2 Synthesis of the two fundamental monomers 

To begin the synthesis of the hydrogel, the first step is producing the two 

monomers that will be polymerized into the UPEA. This two monomers were 

chosen from a list of previously combined di-p-nitrophenyl esters of dicarboxylic 

acids and di-p-toluenesulfonic acid salts of bis-L-phenylalanine esters by its 

higher glass-transition temperatures [10]. Moreover, PEAs constituted by L-

phenylalanine can be prepared with high yields and molecular weights and p-

nitrophenol esters favor the process of purification [22].  
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Di-p-Nitrophenyl fumarate (NF) 

 

Scheme 3.1 Synthesis of di-p-nitrophenyl fumarate (NF). [10] 

First, p-Nitrophenol (0.0603 mol) and Triethylamine (0.0603 mol) were solved in 

acetone with constant slight shaking. Once the solution is homogeneous, is 

cooled down -78 ºC in a bath with dry ice and acetone and kept at this 

temperature. Then, FC (0.03 mol) in 40 mL of acetone is added to the solution 

dropwise with stirring for 2 h. After one day under stirring, the resulting viscose 

solution is mixed with 800 mL of distilled water. This solution is filtered and dried 

in vacuum at 50 ºC. Finally after the drying procedure (1 week), product is re-

crystallized from acetone (purified by solving it and then cooled for precipitation, 

filtered and kept in vacuum). The process of re-crystallization can be repeated 

sometimes to achieve higher purity. 

 

Figure 3.2 Set-up for the synthesis of di-p-nitrophenyl fumarate (NF) 
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p-Toluenesulfonic acid salt of L-phenylalanine 2-butene-1,4-diester (PBe) 

 

Scheme 3.2 Synthesis of L-phenylalanine 2-butene-1,4-diester (PBe) [10]. 

This monomer was prepared by methods already described [11]. L-Phe (0.03375 

mol), TosOH-H2O (0.03375 mol) and cis-2-butene-1,4-diol (0.01687 mol) were 

added together in a round flask filled up with 85 mL of toluene. The round flask is 

connected to a burette filled with Toluene where water extracted from the reaction 

will be deposited at the bottom for its higher density (see figure 3.3). Above the 

burette, is connected a condenser with a constant flux of water. This part is 

wrapped with aluminium foil in order to preserve the temperature and to ease the 

precipitation only in the condenser. The round flask with the solution is kept at 

130 ºC in Silicone bath with a thermostat for proper regulation of temperature.  

Once the burette point about 1.5 mL of water (30 h approx.), the resulting solute 

is filtered and dried at room temperature. Also, it is re-crystallized with butanol 

(from the freezer at -20 ºC). The resulting solution is kept at the fridge for further 

precipitation (2 weeks). Finally, is filtered and dried in vacuum. The process of 

recrystallization can be repeated sometimes to achieve higher purity. 
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Figure 3.3 Set-up for the synthesis of L-phenylalanine 2-butene-1,4-diester 

(PBe). It can be seen two clearly separated solid phase (monomer) and liquid 

phase. 

 

3.2.3 Synthesis of the copolymer (UPEA)  

 

Scheme 3.3 Synthesis of Unsaturated biodegradable PEAs [10]. 

The products of the monomers synthesis are analysed by RMN technique (see 

section 3.3) to confirm that the reactions produced NF and PBe monomers. The 

UPEA, also called FPBe [10], is produced by the solution polycondensation of NF 
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and PBe. NF (0.077 g), PBe (1.43 g) and DMA (4 mL) are mixed together in a 

round flask and heated to 60 ºC under stirring. When the temperature reaches 60 

ºC steadily, triethylamine (0.62 mL) is added to the solution and the solution is 

kept 5 days (the efficiency increases with the reaction time) at 60 ºC. The product 

is a yellowish suspension. Ethyl acetate is added to favor precipitation, the solute 

is filtered with vacuum pump and kitasato filter.  

The pureness of the polymer is very important when doing the crosslinking, for 

that reason the polymer obtained is purified from ethyl acetate in a round flask 

with a soxlhet and a condenser is situated above the soxlhet, what generates a 

reflux of evaporated and clean ethyl acetate (see figure 3.4). This process is done 

at 105 ºC for 5 days. 

 

Figure 3.4 Purification process of FPBe. The bags with the polymer inside the 

soxlhet are displayed.  
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3.2.4 Synthesis of the crosslinking agent  

 

Scheme 3.4 Synthesis of Polyethylene glycol diacrylate (PEG-DA) [22] 

In this section, is explained the process to obtain PEG-DA from PEG with 

molecular weight Mw = 10000 g/mol, but is the same for PEG (Mw = 2000 g/mol). 

PEG (12 g) is dissolved in 150 mL of Toluene and heated to 45 ºC. Once the 

solution is homogeneous, is cooled down to room temperature and Triethyalmine 

(1.2 mmol) is added. Acryloyl chloride (12 mmol) was added dropwise. The 

solution was stirred and heated to 80 ºC for 3 hours under a nitrogen atmosphere. 

The resultant PEG-DA was precipitated in hexane (700 mL) at 4 ºC and filtered. 

Finally, the product was purified twice in a row from benzene (20 mL) and hexane 

(20 mL). The product was filtered, dried and storage at 4 ºC for future use. 
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3.2.5 Synthesis of the hydrogel (electrolyte) and post-washing treatment  

 

Scheme 3.5 Photocrosslinked structure between FPBe and PEG-DA [12].  

The preparation of the UPEA-Gelated Biodegradable hydrogels has already been 

analysed [12]. All the steps are done at room temperature. The first step is solving 

the FPBe (0.08 g) in DMA (2 mL) due to its little solubility. Next, is solving PED-

GA (0.48 g) which has a mass ratio with FPBe of 1:6. Indeed, a ratio of 1:4 is the 

theoretical quantity to get the maximum number of crosslinks in the UPEAG 

hydrogel, but it is added an excess to ensure this fact. Since we are going to do 

the crosslinking by UV, a photoinitiator (Irgacure 0.016 g) is added. The final 

solution was irradiated by a long-wavelength UV lamp (365 nm, 16 W) for 5 hours 

without another source of light (dark room). However the optimal duration for 

exposure was 12 hours, this step was improved with an aluminium foil behind the 

solution recipient. This aluminium foil was capable of reflect the UV rays and 

increase the probability of absorption and therefore the velocity of gelation.  
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Figure 3.5 Set-Up with the UV lamp and the solution to crosslink. 

The process of gelation is very delicate because the slowness of itself, only little 

impurity of the reagents is enough to achieve improper mechanical properties of 

the UPEAG hydrogel. Also, the recipient and the magnetic stirring for shake the 

initial solution were important parameters to take into account. Before a lot of 

experiments with this step, is concluded that a petri dish of 2 cm of radius was 

the best recipient to use. 

After the UV exposure, the hydrogel was washed in distilled water for 48 hours at 

room temperature (water was changed every ca. 12 hours) to remove any 

compound excess. After washing, the hydrogel was soaked in a distilled water 

solution with 0.5 M of NaCl and kept in this solution for future use or lyophilized 

(freeze-drying) for further characterization.   
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Figure 3.6 Left: UPEAG just after the UV exposure. Right: UPEAG after post-

washing treatment.  

 

3.2.6 OESC prototype assembly 

As mentioned in the chapter 1, this work mainly focuses in the comparative of the 

electrolyte in front of other characterized electrolytes like hydrogels from 

carboxymethyl cellulose sodium salt [23]. Specifically, this work reproduces the 

same prototype sandwiched structure (electrolyte dimensions 1 cm x 2 cm x 0.1 

cm) for more precise comparative. To achieve this dimensions we cut the soaked 

UPEAG hydrogel and the thickness is about 0.1 cm when the crosslinking is done 

in a petri dish with 2cm of radius. The prototype is constructed on a smooth 

surface of insulating material (glass) and fixed to it. 
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Figure 3.7 Left: Measure of the distance between PEDOT electrodes (0.1 cm). 

Right: Set-Up of the OESC prototype 

3.3   Characterization techniques 

Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR takes benefit of all the nuclei which have and odd number of protons or 

neutrons a therefore have magnetic moment and angular moment. These nuclei 

have a resonant frequency which is directly proportional to the strength of the 

applied magnetic field, which allow to differentiate substances qualitative and 

quantitative. RMN analysis was made for every product after its synthesis. 

Optical profilometry 

In order to determine the thickness of PEDOT electrodes, several scratches 

(minimum 4) were intentionally made throughout the surface of the polymer 

samples (n= 6), and the step at several positions along the scratches was 

measured using a surface profilometer Dektak 150 (Veeco). Also, an estimation 

of the root mean square roughness (Rq) was yielded.  Data analysis was 

performed with the computer software Dektatk (version 9.2, Veeco Instruments 

Inc.).  
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Figure 3.8 Dektak 150 profilometer from Veeco with software Dektatk (version 

9.2, Veeco Instruments Inc.). 

 Electrical conductivity 

After partially coating with silver paint the surface of PEDOT to yield two 

electrodes, the electrical conductivity was assessed by two-probe conductivity 

measurements. It was done with a common voltammeter.  

Scanning electron microscopy (SEM) 

The morphology of UPEAG hydrogels and PEDOT films was observed by SEM 

using a focused Ion Beam Zeiss Neon40 scanning electron microscope equipped 

with and energy dispersive X-ray (EDX) spectroscopy system and operating at 5 

kV. All samples were sputter-coated with a thin carbon layer using a K950X Turbo 

Evaporator to prevent electron charging problems. Prior to SEM observation, 

hydrogel samples were lyophilized or dried at room temperature. A determination 

analysis of hydrogels’ pores was done using SmartTIFF (v1.0.1.2) and data was 

processed into a histogram.   
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Figure 3.9 SEM machine Focused Ion Beam Zeiss Neon40. 

Atomic Force Microscope (AFM) 

Topography of PEDOT films and lyophilized UPEAG was measured with high 

resolution. AFM images were obtained with a Molecular Imaging PicoSPM using 

a NanoScope IV controller under ambient conditions. Tapping mode AFM was 

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

PEDOT electrodes. AFM measurements were performed on various parts of the 

films, which provided reproducible images similar to those displayed in this work. 

Various scan window sizes were used in this work ranging from 5x5 µm2 to 40x40 

µm2. The statistical application of the NanoScope Analysis software was used to 

determine the root mean square roughness (Rq), which is the average height 

deviation taken from the mean data plane.    
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Figure 3.10 AFM machine with NanoScope IV controller. 

Fourier Transform infrared Spectroscopy (FTIR) 

IR absorption spectra for UPEAG just before UV exposure, after UV exposure 

and lyophilized UPEAG hydrogels were recorded on a FTIR, in order to determine 

the crosslink efficiency, on a Jasco 4100 spectrophotometer. Samples were 

placed in an attenuated total reflection accessory (Top-plate) with a diamond 

crystal (Specac model MKII Golden Gate Heated Single Reflection Diamond 

ATR). For each sample 32 scans were performed between 4000 and 600 cm-1 

with a resolution of 4 cm-1.  

 

Figure 3.11 FTIR machine JASCO FTIR-4100 spectrometer. 
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Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) 

and swelling ratio 

Thermal stability of lyophilized UPEAG samples was analysed by Differential 

Scanning Calorimetry (DSC) and Thermogravimetry (TGA). In the first case, two 

heating and one cooling were done, test temperatures ranged from -100 ºC to 

250 ºC. In the second case, was applied a heating rate of 20 ºC/min with a Q50 

thermogravimetric analyser of TA Instruments under a flow of dry nitrogen. Test 

temperatures ranged from 30 to 600 ºC  

The swelling ratio (SR, %) is an indicator that quantifies the increment of mass 

produced by the absorption of solvent. In this case is calculated as: 

𝑆𝑅 =
𝑤𝑤−𝑤𝑑

𝑤𝑑
    (1) 

where ww is the weight of the hydrogel after being immersed in distillated water 

for 24 hours and wd is the weight of the lyophilized hydrogel. This parameter was 

calculated from 7 different samples. 

Electrochemical characterization 

The electrochemical performance of the OESC prototype was studied in a two-

electrode configuration by galvanostatic charge/discharge (GCD) and cyclic 

voltammetry (CV) measurements ion 6 different experiments. This experiments 

were performed for similar OESCs [8], [9],[23] in other works. 

 

Figure 3.12 Set-Up for two-electrode electrochemical characterization 
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The specific capacitance (SC, in F/g) is the capacitance per unit of mass for one 

electrode, and can be expressed as: 

                                                     𝑆𝐶 = 4 ·
𝐶

𝑚
   (2) 

where C is the measured capacitance for the two-electrode cell and m the total 

mass of the active material (PEDOT) in both electrodes. 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. 

The galvanostatic charge/discharge method (GCD) consists on charging the 

device and discharging it at a determined current in window scan. Also, it allows 

to determine the cell capacitance (C, in F) of the OESC: 

                                                         𝐶 =
𝐼

𝑑𝑉

𝑑𝑡

  (3) 

where I is the discharging current applied to the device and dV/dt should be 

calculated as (Vmax-1/2Vmax)/(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 and ti is the time in which its respective voltage is achieved.   

The first experiment, consisted on a 5 cycle GCD analysis in a scan potential 

window from 0.0 V to 0.8 V at different current densities: 0.30, 0.43, 0.61, 1.22, 

2.43 and 5.21 A/g (current per electrode mass) to optimize the current. Moreover, 

the coulombic efficiency (ŋ, %) was determined with the ratio of the charging (tc) 

and discharging (td) times in the previous electrochemical window: 

                                                         ŋ =
𝑡𝑐

𝑡𝑑
  (4) 

Similarly, the second experiment consisted on a 5 cycle CV analysis in the same 

scan electrochemical window (initial and final potential: 0.0 V, reversal potential: 

0.8 V) at different scan rates: 10, 25, 50, 75, 100, 150 and 200 mV/s. Also, the 

capacitance of the device can be calculated this method. In this case, I 

corresponds to the average current during discharging and dV/dt is the scan rate. 

The third and fourth experiments were:  1400 GCD cycles at the optimal current 

density and 200 CV cycles at the optimal scan rate. 

Self-discharging (SD) evaluation was carried out with the following method. The 

device was charged to 0.8 V at 0.25 mA and kept at 1·10-11 mA (without current) 

for 10 minutes. After that time, the device was discharged to 0 V at -1 mA. 
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Leakage current (LC) evaluation was carried out with the following method. The 

device was charged to 0.8 V at 0.25 mA and kept at 0.8 V for 10 minutes. 
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Chapter 4   

4- Computational section  

4.1   Aim of the simulation  

MD simulation is always interesting in order to find information about atomistic 

behaviour and structure of a system, complementary to that of experimental 

research. MD simulation of the UPEAG lyophilized and the UPEAG swelled with 

water was executed to give information about the two most important stages of 

the UPEAG hydrogel. The lyophilized stage is in almost all the characterization 

techniques and the water-swelled stage is in the working conditions of the OESC 

prototype and also present during preservation of UPEAG hydrogel.  

4.2   Software and methodology  

The work for this project started from a Fortran 90 program of David Curcó 

Cantarell. The program generated 4 UPEA polymer chains of 60 non-terminal 

repetitive units and two terminal R-CH3 groups. There were 4 different repetitive 

units depending if the unit will have two crosslinks, one crosslink or zero 

crosslinks (see scheme 4.1). The way in which this units are created made that 

when a crosslinking position is crosslinked the other position is filled with an 

hydrogen atom, so a maximum of two PEG chains can be bonded to one 

repetitive unit of the polymer.   This chains were randomly generated in a periodic 

squared box of 100 Å. Then, PEG chains were generated with an algorithm of 

intelligent growth from one crosslinking position of an UPEAG chain to another 

form a different UPEAG chain. 

 

Scheme 4.1 FPBe polymer repetitive unit, the red arrows point at the 

crosslinking positions.   

The first step was adapting the Fortran code and programing a post processing 

code to generate the UPEAG hydrogel configuration, whose utility was correcting 
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some PEG coordinates, defining new repetitive units, adding some missed 

atoms, and bonding the generated PEG chains to the UPEA chains. In this step 

two systems were generated, one with 36 crosslinking PEG chains between the 

UPEAG chains and other with 86 in order to see the dependence in the number 

of crosslinks.   

Virtual Molecular Dynamics (VMD) visual software was used to corroborate that 

the systems were correctly structured and bonded. 

Next, LEAP software was used to produce input files for the AMBER molecular 

mechanics programs. General strategy for using LEAP is to create two files for 

every different unit in the system that gives the local coordinates and forces of a 

unit. With this files, the LEAP software is capable of generate the coordinate and 

topology files [24]. Also, in this step each previous generated system were splitted 

in two, one was filled with water molecules (triangulated model) to represent the 

swelling stage and the other was maintained as generated by the Fortran code. 

The molecular dynamics (MD) of the system was done with the software Assisted 

Model Building with Energy Refinement (AMBER), which is a family of force fields 

for molecular dynamics of biomolecules originally developed by Peter Kollman. 

All the calculations were made with the general AMBER force field (GAFF) for the 

solute and the Transferable Intermolecular Potential with 3 Points (TIP3P) model 

for water [13]. Due to a problem with the high computational cost for the systems 

with water, the two systems with water were first simulated with temperature to 

reduce the volume of the system, and once reduced enough the systems were 

splitted with LEAP software. Also, the vacuum systems were simulated without 

cutoff (limit distance for interactions between atoms), but the water systems were 

simulated in a periodic box with a cutoff of 10 Å to give more importance to the 

local interactions. The simulation process can be summarized in 4 steps: 

 Minimization (for the two vacuum systems): The steepest descent 

algorithm   is applied in the first and then conjugate gradient algorithm to 

minimize the energy of the system. 

 Heating and Equilibration (for the two vacuum systems): The system was 

ran with MD and heated from 0 K to 650 K and the cooled to 298 K for 

equilibration at this temperature. This was repeated a few times until the 

system was small enough to generate a number of water molecules 

computable to fill the system. 
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 Density Equilibration (for the two water systems): MD with constant 

surface tension (pressure) was applied for a time of 1 ns to equilibrate the 

waters position achieving a density close to 1 g/cm3. 

 Production (for all the systems): 60 ns of MD at 298 K for equilibrating the 

systems. 

All the MD simulation temperatures where controlled using Langevin dynamics 

with a determined collision frequency.  

The parameter analysis was done with Cpptraj software, a rewritten version of 

Ptraj made in C++ to give faster analysis of simulation results. In order to study 

intermolecular and intramolecular interactions, 5 main parameters were analysed 

similarly to other works [14]:  

 Root mean squared distance of atomic positions (RMSD): gives the 

measured of the average distance between the same atoms of a system 

in different times, normally the initial configuration is chosen as a 

reference. Used to study the equilibration of the system. 

 Radius of Gyration (Rg, Å): is the root mean squared distance of the 

collections of atoms to their common centre of mass. Gives information 

about the size of the system. 

 Solvent Accessible Surface Area (SASA, Å2): is the surface area of a 

biomolecule that is accessible to a solvent. Gives information about the 

volume of the system and other characteristic parameters related with 

solute solvent interactions [15].  Is calculated by a LCPO method using a 

linear approximation of the two-body problem for a quicker analytical 

calculation. 

 Hydrogen Bonds (HB): the HBs are weak molecular interactions, normally 

are intermolecular but also are found in organic macromolecules.  Solute-

Solute, Solute-Solvent HBs and Bridges were studied to see principal 

groups of interaction. 

 Radial density function (RDF): gives information about the distribution of a 

certain type of atoms respect to another one. The most notorious solute-

solvent HBs will be studied. Its integral also gives information about the 

number of coordinated atoms.  
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Chapter 5  

5- Results and discussion  

5.1 Characterization of SSEs  

The first results shown are the characterization of PEDOT films. As explained in 

chapter 3 this type of electrodes has been already synthesized and characterized 

in previous works [8], [9]. In this section is verified that the generated electrodes 

are the same of those of previous works.  

Particularly, a chronoamperometry (CA) method was applied at 1.25 V and a 

polymerization charge of 500 mC/cm2. The resultant PEDOT films exhibited a 

mass of 1.127 ± 0.203 mg, and electrical conductivity of 29 ± 1 S/cm, an average 

thickness of 4.1 ± 0.6 µm and a estimation of the root mean squared roughness 

Rq = 0.5 ± 0.1 µm, which match with the standard deviation of the thickness. 

Morphological characterization of PEDOT films is reported with SEM and AFM 

images and data. 

In figure 4.2, in the SEM images (a) and (b) can be appreciated the homogeneity 

of the deposition of PEDOT in the surface of the steel sheet. Moreover, image (b) 

and (d) show how the PEDOT chains are distributed forming porous and sharped 

accumulations. The porous morphology gives good  electrical conductivity 

properties [16], which agrees with the calculated conductivity of the electrode. 

 



 
32 

 

 

Figure 4.1 Morphology of PEDOT electrodes. SEM images recorded at different 

magnifications: (a) 1 kX, (b) 10 kX, (c) 5 kX and (d) 50 kX. Micrograph displayed 

in (d) corresponds to the yellow box marked in (b). Units are in µm. 

 

 

The mean squared roughness Rq was determined by scanning 6 different areas 

in each image (figure 4.2). Do to the different size of the topography images made 

contribution of larger areas in (a) Rq = 432 ± 109 nm, and smaller areas in (b) Rq 

= 403 ± 69 nm. This mean that the previous estimation of the roughness was very 

close to the real value. 
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Figure 4.2 Topography of PEDOT electrodes. (a) and (b) are 2D height images 

25 x 25 µm2 and 10 x 10 µm2. (c) and (d) are cross-section profiles 

corresponding to the lines depicted in (a) and (b), respectively.   

5.2 Physical characterization of the hydrogel  

The novelty presented in this work is the UPEAG electrolyte due to its small and 

controllable dimensions, manageability, portability, robustness and lightweight. 

Biodegradability is also an important property to take into account for applications 

of biomedicine or pharmaceutical. Biodegradability studies of similar UPEAG 

have been already done [17]. These results showed that, although degradation 

of UPEAG hydrogels and FPBe polymers can be controlled through the ratio of 

reagents, all the UPEAG were biodegradable.  

First of all, FT-IR spectra of the DMA solvent (5 µL), which is used for doing the 

solution in the UV crosslinking process, the crosslinker PEG-DA (1.4 mg) and the 

solution itself (5 µL). The quantity of PEG-DA to analyse was calculated from the 

concentration in the 5 µL solution. Also, FT-IR spectrum of UPEAG just after the 

UV exposure (1.5 mg) and lyophilized UPEAG after the washing treatment (1.5 

mg) are shown.  
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Figure 4.3 FR-IR spectrum of (a) DMA (b) PEG-DA (c) solution before and after 

UV exposure (d) UPEAG before and after pot-washing treatment and 

lyophilisation. In (c) and (d) 1457 (C=C-C(O)-) band is marked by a yellow 

circle. 

DMA (a). IR (cm-1): 2935 (C-H), 1662 (C(O)-N). PEG-DA (b). IR (cm-1): 2870 

(CH2-CH2), 1716 (C=O), 1633 (C=C-C(O)-), 1457 (C=C-C(O)-), 1111 (C-O). 

UPEAG after/before UV exposure (c). IR (cm-1): 3493 (N-H), 3303 (C(O)-N-H), 

2935 (C-H), 2870 (CH2-CH2), 1736 (C=O), 1663 (C(O)-N), 1528 (C(O)-NH), 1457 

(C=C-C(O)-), 1114 (-O-).  Lyophilized UPEAG (d, red). IR (cm-1): 2870 (CH2-

CH2), 1736 (C=O), 1663 (C(O)-N), 1528 (C(O)-NH), 1457 (C=C-C(O)-), 1114 (-

O-).  

The spectra were analysed to give an estimation of the ratio of crosslinked 

PEGDA chains under the maximum possible, molecular weight required for the 

calculations were extracted from previous research [10]. The peak at 1457 gives 

information about the contention of PEG-DA chains not crosslinked, since it is 

only in PEG-DA chains. In this analysis is taken in to account that there was an 

excess of 33% of PEG-DA in the synthesis, so if the final ratio of the areas of this 
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peak after UV exposure and before is close to 33% we can assume that it has 

been almost 100% crosslinked. The resultant ratio was of 30 % which points to a 

highly percentage crosslinked UPEAG hydrogel. Notice that for lyophilized 

UPEAG there isn’t the band or at least is not well defined. 

 Morphological characterization of UPEAG electrolyte is reported with SEM and 

AFM images and data. 
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Figure 4.4 SEM micrographs (units in µm): (a) and (b) lyophilized UPEAG, (b) is 

the bulk hydrogel in a fissure, (c) and (d) UPEAG deswelled at room 

temperature for different magnifications. (e) Pore size distribution of lyophilized 

UPEAG (120 measures). AFM topography: (f) 2D height image (40 x 40 µm2) 

and (g) cross-section profiles corresponding to the lines depicted in (f). 

The lyophilized UPEAG presented an open structure with abundant pores in the 

surface and the bulk. The porous morphology gives good electrical conductivity 

properties promoting ion movement at the electrode-electrolyte interface during 

charge-discharge processes. Particularly, the averaged pore size of UPEAG 

hydrogels is 17.0 ± 6.6 µm. This successfully moist pore network is expected to 

affect positively the ionic conduction in the electrolyte [18]. AFM topography 2D 

image was difficult to obtain because the height variation of the AFM cantilever 

wasn’t enough large to follow the roughness profile of the UPEAG hydrogel (see 

figure 4.4 (e) and (f)). 

 

Figure 4.5 (a) TGA and Differential TGA spectra of UPEAG lyophilized 

hydrogel. (b) DSC profile of UPEAG lyophilized hydrogel. 

Thermal stability is a fundamental parameter for the potential application of 

conducting polymers. In figure 4.5 (left), the DTGA curve can be separated in two 

parts. The first one, starts above 100 ºC with a little slope and can be attributed 

to the evaporation of locked surplus products inside the hydrogel. However, the 

real decomposition of the UPEAG starts above 300 ºC, which is above the 

average temperature for this kind of materials  [19], [21]. This decomposition 

process is simple since there aren’t multiples peaks in the DTGA peak. The DSC 

analysis give information about the melting and glass-transition temperatures. 

The UPEAG hydrogel have a glass transition temperature at Tg = 52.5 ºC, the 

peak during the cooling means that this transition is reversible. The amount of 
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energy needed to change of state is high, but is normal since a not clearly 

organized structure limit more the movement of its atoms. There was not found 

any melting temperature because the hydrogels cannot dissolve before starting 

decomposition. The glass transition temperature is lower than this of his 

predecessor FPBe polymer Tg = 109 ºC. This can be due to the fact that the 

polymer had two -C=C- bonds in each repetitive unit, which reduced his flexibility 

and increased the difficulty of chain segment movement.  

Moreover, the swelling ratio (SR, %) was determined for UPEAG hydrogels, 

which is an indicative of their mechanic properties. The average SR yielded 

1501% ± 342%, which is similar to the swelling ratio of other analysed 

hydrogels[8], [9],[23]. 

5.3 Simulation results and experimental matching  

A set of several MD simulations were performed to discover the role played by 

the organic functional groups of the UPEAG hydrogel. Some parametrical 

analysis required that the simulated system were in steady equilibrium. For that 

reason the first analysis done was the root mean squared distance (RMSD).  
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Figure 4.6 RMSD of Hydrogel and UPEA chains for (a) system with 36 

crosslinks and (b) system with 86 crosslinks in water (blue) and in vacuum 

(green). (c) Comparative between two systems (blue: 86 crosslinks and red: 36) 

in water and the two systems in vacuum. 

The RMSD analysis showed that the four systems arrived to a steady state with 

variations lower than 3 Å at 30 ns. The label “backbone chains” refers to the FPBe 

chains without the PEG crosslinks and was also in case it had a different trend to 

the full system. However, it can be seen that backbone chains have the same 

tendency for all the systems. Furthermore, the atoms of the vacuum systems had 

always greater values than his respective in water. Finally, the 36 crosslinks 

system took more time to equilibrate than the system with 86 crosslinks. This 

effect is attributed to the atomic distribution of the 36 crosslinks system which had 

one of the backbone chains particular distributed.  

 

Figure 4.7 Radius of Gyration (RG) of Hydrogel and UPEA chains for (a) system 

with 36 crosslinks and (b) system with 86 crosslinks in water (blue) and in 

vacuum (green). (c) Comparative between two systems (blue: 86 crosslinks and 

red: 36) in water and the two systems in vacuum. 
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The radius of gyration (RG) corresponds to the average distance of the atoms of 

the system to its centre of mass. The VMD 3D representation showed that atom 

distribution of the UPEAG was mainly globular with some casual shape 

distributions. In this type of distribution, the radius of gyration can be considered 

proportional to the real average surface radius of the system. Figure 4.7 shows a 

decrease in the RG all the systems. Also, backbone chains had the same 

tendency. The most important fact in the figure is that the vacuum RG is lower 

than the respective water RG, which is essential since the experimental results 

show the same behaviour. Furthermore, the system with 86 crosslinks has a 

lower variation than the other with 36 in the RG due to the opposition force 

generated by the extra crosslinks giving more rigidity to the system, which also 

match with experimental data.  

 

Figure 4.8 SASA of UPEA chains for (a) system with 36 crosslinks and (b) 

system with 86 crosslinks in water (blue) and in vacuum (green). (c) 

Comparative between two systems (blue: 86 crosslinks and red: 36) in water 

and the two systems in vacuum. 

Solvent Accessible Surface Area (SASA) of UPEA chains are showed in figure 

4.8. SASA gives relevant information about the configuration and stability of the 

system. The SASA of systems in water is always greater to that of the vacuum 

systems due to the interaction with water molecules. The comparison between 

the systems with different crosslinks indicated that the system with 86 is more 

compact, meaning that the density of PEG chains between UPEA chains is 

higher. 

Hydrogen bonds (HB) and bridges interactions were studied for each system 

(Annexation A). In vacuum systems only solute-solute interactions can be 

produced since there isn’t solvent. This functional groups of UPEAG that made 
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HB were ketones, esters (both UPEA and PEG), ethers (both UPEA and PEG) 

as acceptors of positive charge and amides and amines as donors of charge. 

Table 4.1 Analysis of the distribution of HBs in each system.  

System UPEAG/36 vacuum UPEAG/36 water UPEAG/86 vacuum UPEAG/86 water 

# Solute-Solute HB (%) 100 % 91 % 100 % 89 % 

# Solute-Solute HB 

(only UPEA atoms) (%) 

80 % 67 % 57 % 47 % 

# Solute-Solvent HB 

(%) 

_ 9 % _  12 % 

# Solute-Solvent HB 

(only UPEA atoms) (%) 

_ 3 % _ 5 % 

 

Table 4.1 shows the percentage of the total HB that solute-solute bonds, 

Backbone UPEA-Backbone UPEA bonds, Solute-Solvent bonds and Backbone 

UPEA-Solvent bonds. The percentage of Solute Backbone UPEA bonds 

decreased in UPEAG/86 because more PEG chains are situated between UPEA 

chains. It is also noticed that Solute-Solute HBs decreased in water because 

absorbed water molecules are placed between UPEA chains.  A second 

important fact is that Solute-Solvent HB increased for UPEAG/86, which could be 

telling that PEG is the most hydrophilic component of the hydrogel. 

Qualitatively these results are in agreement with the experimental data, but for 

quantitative analysis of swelling ratio (SR) further simulations must be done. 

5.4 Electrochemical characterization of the OESC prototype 

and comparative with other OESCs  

The last and most important analysis is the electrochemical performance of the 

OESC prototype. All data of the experiments done will be contrasted with other 

OESCs with the same SSE of PEDOT films. In particular, OESC with hydrogel 

electrolyte based on (1) Carboxymethyl cellulose sodium salt (NaCMC) with 

cellulose [23], (2) Sodium Alginate, K-Carrageenan (kC) , Chitosan and Gelatin 

[9], (3) poly-Ɣ-glutamic acid (Ɣ-PGA) [8]. 
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Figure 4.9 Electrochemical characterization (two-electrode configuration) of 

OESC which present both CE and WE made of PEDOT and UPEAG 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) 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 fifth cycle. (c) SC values derived from the cyclic 

voltammograms displayed in (a). (d) SC values derived from the GCD curves 

displayed in (b). (e) Coulombic efficiency of GCD curves displayed in (b).   
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Figure 4.10 Cycling stability of various OESCs: UPEAG (a) 2nd (solid black line) 

and 200th (blue dashed line) cyclic voltammograms at 25 mV/s, (b) 2nd (solid 

black line) and 1400th (blue dashed line) GCD curves recorded at 1.22 A/g. (c) 

NaCMC hydrogel: 1st and 200th CV at 25 mV/s, 2nd and 1400th GCD at 0.61 A/g 

[23]. (d) K-Carrageenan hydrogel: 2nd and 3000th GCD at 1.38 A/g (two 

repetitions) and respective SC [9]. (e) Ɣ-PGA hydrogel just prepared (black) and 

1 week after (blue): 1st and 1000th CV at 50 mV/s, 2nd and 1400th GCD at 1.22 

A/g, [8]. 

All of the electrochemical characterizations were done with UPEAG hydrogel just 

pull out from NaCl solution and the exceeding NaCl solution was extracted. In 

figure 4.9, cyclic voltammograms display an almost ideal rectangular shape, 

which is and indicative of good capacitive performance and low contact 

resistance. Also, GCD curves exhibited a typical triangular shape with a very 

small voltage drop at the beginning of the discharging step. These good results 

are reflected in both SC calculations, CV and GCD, which gave values from 80 

to more than 120 F/g. The latter value reflects that the ability to store charge of 

these devices is very high compared to devices with other biohydrogels (from 60 

to 80 F/g) [23], [8], [9]. The decreased of the SC value for higher currents could 

be attributed to electrolyte diffusion. Furthermore, coulombic efficiency was 

above the 80 % at low current densities. The optimal configuration was decides 

by the current with the maximum coulombic efficiency of 93 % (1.22 A/g) and by 

the scan rate with the maximum SC of 122.1 F/g (25 mV/s). Overall, the results 

described denote UPEAG hydrogel as promising solid electrolyte for 

supercapacitor applications. 

The cyclability of PEDOT/UPEAG OESC was evaluated by both CV (200 cycles) 

and GCD (1400 cycles) and compared with other hydrogel with SSE of PEDOT 

films. The CV cyclability experiment was done a few hours after the UPEAG 

hydrogel had been pulled out the solution. The retention capacity for CV was of 

75% lower than NaCMC (86%) and Ɣ-PGA (84%). In the case of GCD of just 

prepared hydrogels, it was of 40% and also the lowest: NaCMC (60%), Ɣ-PGA 

(81%), k-Carrageenan (90%). These results show that UPEAG hydrogel works 

much better in a hydrated ambient than dry. However, the final capacitance are 

similar to that’s of the NaCMC and could be near its steady state capacitance in 

dry atmosphere (retention of 100% of the capacitance). Further experiments must 

be realized to determine this issue and to improve the retention of capacity. 
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Figure 4.11 LC and SD response: UPEAG (a) LC, (b) SD. (c) NaCMC [23]. (d) 

K-Carrageenan [9]. (e) Ɣ-PGA [8]. 
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The LC experiment was done a few hours after the UPEAG hydrogel had been 

pulled out the solution. The reason was that the first drying period of UPEAG 

generated instability and the density current started to increase randomly. This 

physical effect could be related with the deposition of microcrystals of NaCl in the 

surface of the hydrogel when the retained water is being evaporated. However, 

The LC of dry UPEAG is the stable parasitic current expected when the capacitor 

is held indefinitely on charge at the rated voltage. This small leakage current is 

associated to a good stability of OESCs constructed using UPEAG hydrogel with 

NaCl, which is crucial for energy storage applications.  

Finally, the SD of UPEAG was in average with the other capacitors, after 10 min 

of no intensity applied the voltage reduced from 0.8 V to 0.5 V, indicating a 

retention >50% in the short term and ensuring specific practical applications.  
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Chapter 6 

6- Conclusions and future work  

Accordingly, for such purpose, the following milestones have been satisfactorily 

achieved:  

 Preparation and characterization of PEDOT electrodes and synthesis from 

all the precursors to the UPEAG hydrogel and fabrication of the prototype 

has been done successfully. The crosslinking procedure was highly 

improved by reflecting UV with aluminium foil. However, pureness of the 

products can be improved. 

 Synthesis and extensive characterization of novel, compact, lightweight 

and biocompatible UPEAG hydrogels has been done for the first time.  

 Simulation of the UPEAG swelling and deswelling stages has been done 

for the first time. Longer simulations must be done for the proper 

quantitative analysis of the hydrogel. Ionic simulations with NaCl solution 

will be also interesting for further analysis.   

 UPEAG has been showed to be a promising to prepare solid state 

electrolyte (SE) for PEDOT supercapacitors with a very high conductivity. 

Cyclability experiments must be done to improve the PEDOT/UPEAG 

prototype.    

 Development of flexible electrodes of UPEAG with Nanoparticles of 

PEDOT inside has been started in order to fabricate a full flexible OESC 

prototype [20]. Crosslinking procedure has to be adapted.  

 Fully flexible UPEAG with drug encapsulated in PEDOT NPs as a self-

regulated delivery system have to be synthesized.  
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