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Abstract 

Multifunctional biomaterials as energy storage devices, biosensors as well as scaffolds are of great 

interest due to their tunable properties. In this project, an ionically crosslinked conductive hydrogel is 

prepared of PEDOT:PSS and alginate to form an interpenetrating network (IPN). A ratio of 1:3 of 

PEDOT:PSS and alginate is used for better mechanical stability. Additionally, different types of 

nanomaterials (magnetic nanoparticles and carbon-based nanomaterials) are incorporated during the 

hydrogel synthesis to fabricate multifunctional hydrogel nanocomposites. First, the functionalized 

hydrogels containing magnetite exhibit low specific capacitance (Cs) (0,274 mF/g). However, a 

combination of an electrodeposition with Ni-Fe and an incorporation of a mixture of carbon nanotubes 

(CNT) and graphene into the hydrogel show both an enhancement of the Cs as well as the increase of 

the charging and discharging time while behaving as a pseudocapacitor. Secondly, 

PEDOT/Alg/magnetite hydrogel composites exhibit a high temperature sensitivity which make them 

good candidates as temperature sensors. Lastly, magnetite embedded hydrogel scaffolds present 

magnetic responsiveness when exposed to an external magnetic field, which could potentially be used 

to trigger cell growth and differentiation for tissue engineering applications.  
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Glossary 

CNP - Carbon nanoparticles 

CNT - Carbon nanotubes 

CP - Conductive polymers 

CV – Cyclic voltammetry  

ECM - Extracellular matrix 

EDLC - Electrochemical double-layer capacitors 

EMF – external magnetic field 

ESs - Electrochemical supercapacitors 

FTIR- Fourier transform infrared  

GCD – Galvanostic charge discharge  

ICPs - Inherently conductive polymers 

IPNs - Interpenetrating networks    

ITO - Indium thin oxide 

MNP - Magnetic nanoparticles 

NP - Nanoparticles 

PEDOT/Alg - Poly(3,4-ethylenedioxythiophene)/ Alginate 

PEDOT:PSS - Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

RTD - Resistance temperature detectors 

SEM – Scanning Electron Microscopy 

TS - Temperature sensors 

VPP - Vapor phase polymerization 
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Introduction  

Nowadays, hydrogels have attracted numerous engineering research fields due to their tunable 

properties. They are suitable candidates in a wide variety of applications, namely as support systems 

for organ and tissue engineering and as flexible and soft wearable devices.  

Hydrogels are biomaterials that are utilized in the field of regenerative medicine and tissue engineering 

due to their ability to mimic the natural extracellular matrix (ECM) and support the cells by promoting 

the interactions between the cells and the biomaterial scaffold, cell adhesion, mechanical support and 

so forth.  Compared to the conventional hydrogels, multifunctional ones have recently attracted more 

attention due to their electrical and magnetic properties enabling the control of cell functions during 

the fabrication of tissues. 

Moreover, hydrogels are utilized as soft wearable devices such as energy storage devices and 

bionsensors. Hydrogel-based temperature sensors are biosensors that exhibit flexibility and 

stretchability allowing the accurate measurement of the physiological signals on the human body. They 

are inserted into the skin to monitor the temperature of the human body around a wound and their 

biocompatibility plays an essential role for the long-term integration. Hydrogels as supercapacitors are 

used for their lightweight and flexibility to supply power quickly and efficiently to portable electronics.  

The project will focus on an intrinsically conductive hybrid hydrogel composite material that exhibit 

magnetic and/or electrical properties. These materials have the capacity to form hybrid films in 

modern bioscience medicine but also in soft and energy storage devices.  
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2. State of the art 

2.1 Hydrogels 

Hydrogels are hydrophilic polymers with a three-dimensional network that have the capacity of 

absorbing and holding large amount of water and biological fluids without dissolving due to the 

existence of physical and chemical crosslinking between the polymer chains making the polymers 

porous. Hydrogels are hydrophilic due to the presence of hydrophilic groups such as hydroxyl, amino, 

amide and carboxyl groups. They have a flexibility that resemble that of natural tissue thanks to their 

ability to contain large amount of water. Hydrogels can be synthesized from water-soluble polymers 

into various shapes like microparticles, nanoparticles, coatings, and films [1], [2],[3].   

Hydrogels can be classified according to their origin, whether they are synthetized from natural or 

synthetic polymers, to the ionic charges found on the bound groups meaning that they could be 

neutral, cationic, or anionic, to the crosslinking agents used to form the tridimensional network but 

also on their response to external stimuli (i.e., physical, chemical, and biochemical triggers). According 

to the gelation process, hydrogels can be chemical, biochemical, or physical. Chemical hydrogels are 

formed by introducing covalent bonds between the polymer chains leading to mechanical strength and 

integrity as well as degradation resistance. Biochemical hydrogels are made using biological agents 

such as amino acids and enzymes. In physical hydrogels, the gelation process takes place with a change 

in environmental conditions like pH, ionic concentration, and temperature. The network is then 

sustained by molecular entanglements and/or secondary forces (e.g., hydrogen bonding, hydrophobic 

interactions). Hydrogels can be categorized according to their degree of crystallinity (i.e. amorphous, 

semicrystalline and crystalline) [1], [2], [4].  

The method of preparation of hydrogels put them into different categories (Figure 2.1). Among the 

categories, there are hydrogels homopolymers and copolymers that are made of one type of monomer 

and two types of monomers, respectively. Semi-interpenetrating networks (semi-IPNs) consist of a 

linear polymer that penetrates inside the network of another polymer while interpenetrating networks 

(IPNs) are obtained by combining simultaneously two polymers, one forming the network while the 

other thoroughly penetrate the matrix [1].  
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Figure 2.1 Classification of hydrogels [1]. 

 

Hydrogels are promising components of hybrid materials with stimuli-responsive properties. They can 

be stimulated externally by physical, chemical, and biochemical triggers and thus are environmentally 

sensitive. The physical stimuli can be pressure, temperature, magnetic and electric fields whereas the 

chemical or biochemical one encompasses ions, pH, and specific compositions. Due to their ability to 

respond to external stimuli, their porous structure, their flexibility because of the water content and 

their compatibility with different environments, hydrogels can be used in a wide range of applications 

from industrial to biological. For example, these smart materials can be used in many applications 

namely in soft electronic devices (e.g. biosensors, pressure sensors,…) drug delivery systems or 

stimulation of cells for tissue engineering applications (e.g. scaffolds), ,  or energy (e.g. supercapacitors) 

[1], [3], [5]. 

Conductivity can be conferred by either increasing ionic strength or the addition of electroconductive 

materials like nanoparticles, nanorods, nanowires, carbon nanotubes, or polymers [6], [7]. Among 

them, conductive polymers (CPs) or inherently conductive polymers (ICPs) are materials that conduct 

electricity without the requirement of metallic fillers. They possess high conductivity, high capacitance 

but also high porosity [8], [9]. Conductive polymers are conjugated polymers that feature electronic 

delocalization due to the rich double bonds and aromatic rings found in the polymeric chains compared 

to the usual polymers which mainly possess single bonds (e.g., polyethylene, polypropylene etc.) 

making them electrically insulating. A conjugated system possesses an alternation of simple and 

multiple bonds with the connection of p-orbitals containing delocalized electrons. The connection of 

p-orbitals occurs due their overlap, meaning that the π systems (i.e., the double bonds) are tied 

together. The electrical properties are found in these polymers because of the presence of the 

delocalized π electrons in the macromolecule’s backbone which makes the propagation of electrical 
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influences along it possible [10], [11]. Among the intrinsically conductive polymers, poly(3,4-

ethylenedioxythiophene) (PEDOT), specifically its derivative, poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) has attracted most of the attention because of its high electrical 

conductivity, high flexibility and biocompatibility (Figure 2.2). PEDOT which is a derivative of ethylene 

dioxythiophene monomer has poor solubility in its pure form and thus needs to be copolymerized with 

a hydrophilic polymer like PSS making a water soluble polyelectrolyte complex of PEDOT:PSS 

containing positively charged PEDOT and negatively charged PSS. The polystyrene sulfonate 

contributes to the stabilization of the charged/doped PEDOT but also to the formation of an aqueous 

dispersion [12]–[14]. 

 

Figure 2.2 PEDOT:PSS polymer [13]. 

 

Moreover, PEDOT:PSS has good compatibility with other polymeric systems like hydrogels reason why 

PEDOT:PSS based hydrogels are synthesized by blending them with non-conductive hydrogel matrices 

and thus forming an interpenetrating polymer network (IPN). The combination of PEDOT with natural 

polymers like polysaccharides can improve biocompatibility and electrochemical stability in 

physiological media and confer 3D structural support to the electroactive material [15]–[17]. One 

drawback of IPN’s is their eventually lower electrical conductivity compared to pure poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) but that can be remedied by incorporating 

electrically conductive nanomaterials like metal nanoparticles, carbon nanotubes (CNT) or graphene 

[18].  
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Among the employed polysaccharides, alginates are widely used in biomedical applications like tissue 

engineering and regenerative medicine, wound healing due to their biocompatibility and 

biodegradability properties [19], [20]. Alginates are marine biopolymers extracted from the cell walls 

of brown seaweeds found in the waters located in the temperate zones [21]. Other advantages of 

alginate are its easy processability, easy hydrogel formation by divalent cations, reversible crosslinking, 

and water-solubility.  

There are two monomers composing the alginic acid, the D-mannuronic acid and the L-guluronic acid 

(Figure 2.3), thus making it a linear copolymer. Some segments of the polymer’s chain sequence are 

either made of only  one monomer or the other (i.e. M blocks or G blocks) whereas other regions are 

alternation between the two monomers (i.e. MG blocks) leading to the obtention of different types of 

alginic acid based on the arrangement of monomers in the polymer’s chain [20], [21].  

 

 

Figure 2.3 Structure of alginate monomers: D-mannuronic and L-guluronic acid monomers [21]. 

 

The gelation method of sodium alginate to form hydrogels can be achieved by adding divalent cations 

like Ca2+ and Mg2+ that replace the sodium ions, Na+, linked to the alginate chains (Figure 2.4).  The 

divalent ions join together macromolecular chains of the alginate and hence making a crosslinking 

three-dimensional network [22]. The transition from liquid state to solid state is called gelation or ‘sol-

gel’ transition. The aqueous solution usually used for the crosslinking process is calcium chloride, CaCl2, 

which is highly soluble, often causing the increase of the gelation rate. To control the gelation speed 

and thus have uniformity of the gel, other solutions such as calcium carbonate, CaCO3, and calcium 

sulfate, CaSO4, poor solubility can be used instead. Another factor that has an impact on the gelation 

rate is the temperature because a lower temperature tends to decrease the reactivity of the divalent 

cations meaning a slow gel formation which leads to a steady uniform network with better mechanical 

properties. Alginate hydrogels are called permanent gels when they are formed by covalent bonds and 
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reversible gels when their network is hold together by ionic, hydrogel bonding or hydrophobic 

interactions [23]. 

 

  

Figure 2.4 Ionic polymerization of alginate [23]. 

 

On the other hand, incorporating new functionalities, other than electrical properties, to PEDOT-

biopolymer hydrogels is of recent interest to expand their range of applications. Thus, magnetic 

hydrogels have also recently received great attention to get functional structures with controllability, 

actuation and spatiotemporal response properties controlled by an external magnetic field. These 

magneto-responsive hydrogels have been mainly used in a multitude of applications mostly in the 

biomedical field (e.g., magnetically controlled drug delivery, enhance cell growth and differentiation 

for tissue regeneration, magnetic actuation, or magnetic hyperthermia) with enhanced efficacy. 

Among the different nanomaterials employed to obtain magnetic hydrogels -Co, Fe, NdFeB, Fe3O4, γ-

Fe2O3, CoFe2O4- magnetite (Fe3O4) have become the most employed for biomedical applications 

because their attractive magnetic properties, biocompatibility and noncytotoxicity.  

 

2.2. Applications  

As it has been stated above, hydrogels have found widespread attention in many applications. Here, 

we are going to focus our attention on the following applications: supercapacitors, temperature 

sensors and scaffolds for tissue engineering.  



Functional hydrogels for energy and (bio)engineering applications  

                                                                                                                  7 

 

2.2.1 Soft electronic devices: Supercapacitors and temperature sensors 

Nowadays, flexible, and wearable electronics is playing crucial roles in many different fields like energy, 

health monitoring, artificial intelligence, sensory skin, or soft robotics. To date, many wearable devices, 

mainly based on supramolecular polymeric materials and their composites, have been successfully 

developed to monitor for example heartbeat rate, glucose content in sweat or body temperature [24] 

but also to power such devices (e.g supercapacitors) [25]. While these devices have demonstrated 

remarkable advances for their potential biomedical used, those designs still exhibits limited features 

for their translation to the clinic. For example, those devices are dry and still show mechanical 

mismatch with biological tissues which are typically soft (e.g., Young’s moduli in the range of 1kPa ‒ 

1MPa) and contain large amounts of water (e.g., over 70%)  [26]. Moreover, those electronic devices 

exhibit much higher elastic moduli with virtually no water content. Thus, hydrogels are emerging as 

outstanding candidates for the new generation of soft electronic devices because, as stated above, 

they feature great similarity to biological tissues (e.g., high water content, softness, flexibility).  

Hydrogels have been investigated as electrochemical supercapacitors (ESs), also called electrochemical 

double-layer capacitors or ultracapacitors. ECs are of high interest as portable wearable electronic 

devices because of their high-power densities due to their extended charge-discharge cycles, their 

capability of operating in a wide temperature range but also their high-power density property as ESs 

do not undergo much chemical changes in their electrodes during the charge and discharging cycle 

compared to batteries. Although supercapacitors have the advantage of delivering energy much faster 

than normal batteries (i.e. high power density), they possess lower energy densities compared to 

electrochemical batteries and fuel cells [27]–[29].  

Contrary to conventional capacitors that are composed of two electrically composed conductive 

electrodes, separated by a dielectric layer which acts as an insulator (e.g., paper, ceramics, plastic), 

ultracapacitors’ electrodes are materials with high surface porosity whereas the dielectric separator is 

either liquid or solid leading to the creation of interfaces between electrode and electrolyte also called 

electric double layer. The double layer possesses a high surface area that allows the storage of more 

charges compared to traditional capacitors [28]. As shown in figure 2.5, supercapacitors have excellent 

power densities compared to fuels cells and batteries but higher energy densities than normal 

capacitors.  

 



Functional hydrogels for energy and (bio)engineering applications  

                                                                                                                  8 

 

 

Figure 2.5 Energy and power density range of different energy storage devices [30]. 

 

Supercapacitors can be classified into three different types: electrochemical double-layer capacitors 

(EDLC), pseudocapacitors and hybrid capacitors. The storage mechanism of EDLC is based on ion 

adsorption whereas pseudocapacitors depend on fast oxidation-reduction reactions and hybrid 

capacitors that a mixture of those mechanisms [31]. The materials used in supercapacitor ought to be 

selected carefully for an optimized performance while also considering their cost and environmental 

effects. Among the qualities for the selection of the electrodes are high electrical conductivity, good 

surface wettability and great porosity and surface area [28]. Moreover, it has recently observed that 

the incorporation of magnetic nanomaterials into the electrode can greatly improve the capacitance 

when subjected to an external magnetic field [32].  

Other soft devices are temperature sensors (TSs) which can be fabricated with hydrogels. They can be 

used in applications like biology and medicine. The hydrogel-based TSs are biocompatible, light weight, 

and flexible and therefore can be utilized to get a diagnosis concerning the health condition of the 

human body by gathering information on the temperature of the human epidermis [33]. Among the 

temperature sensors are the resistance temperature detectors (RTD) with which the temperature is 

found out based on the temperature dependence of the material on electrical resistance. The thermal 

response of the material can be determined with the following equation [34].  

 

𝑇𝐶𝑅 =
1

𝑅(𝑇0)

𝑅(𝑇)−𝑅(𝑇0)

𝑇−𝑇0
                                                                                                               (1) 
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Where TCR is the temperature coefficient of resistance, R(T) is the resistance at temperature T, and 

R(T0) is the starting resistance at temperature T0. The resistance change of the hydrogel with 

temperature was monitored by a digital multimeter (Fluke) by the two-point probe method. A hotplate 

was used to heat the sample using a thermocouple to control the temperature. 

 

2.2.2 Tissue engineering applications: Hydrogel scaffolds 

Regenerative medicine also called tissue engineering is an interdisciplinary field that aims replacing 

damaged or dead tissues by cultivating new ones, both in vivo and in vitro, via isolated cells embedded 

in an artificial extracellular matrix.  This artificial extracellular matrix (ECM) needs to imitate the 

functions of molecules found in the natural counterpart, meaning that it must be biodegradable, 

biocompatible, ensure a good cell adhesion, have enough space for tissue development as well as 

supply adequate mechanical support until the fabricated tissue can support itself while simultaneously 

letting circulation of nutrients, oxygen, and metabolites. The transport of nutrients and metabolic 

waste, the suitable cell adhesion, the interaction of cells with their environment but also cell growth 

and differentiation is better achieved with three-dimensional, highly porous hydrogel scaffolds [35], 

[36]. The high porosity with the addition of interconnected geometry is important for scaffolds as it is 

necessary for a smooth neovascularization, well distribution of cells as well as their ingrowth [37]. To 

ensure a stable distribution of the cells in a scaffolds for a good interaction between them, they need 

to be adequately suspended during the gelation process when synthesizing the scaffolds [35]. Some 

studies have shown that scaffolds possessing inferior pore size than natural tissues have better effects 

whereas others have shown that bigger pores are better for cell proliferation [35]. The main goal is to 

have large enough pores for cell migration but small enough as well to get adequate high surface area 

where cells can adhere to, i.e. possessing good surface characteristics [38]. Improvement on surface 

properties can be achieved by film deposition and the incorporation of growth factors , RGD peptides 

and collagen [39].  

Aside from having a large surface area relative to the volume of the hydrogel scaffolds (high porosity), 

the engineering new tissues depends also on additional factors like the pore volume, its shape, its 

distribution, its interconnectivity (i.e. good distance to blood supply for better mass transfer of oxygen 

and nutrients), as well as the pore wall roughness [39]. As aforementioned biodegradability and 

biocompatibility are essential properties for scaffolds. Biocompatibility is necessary to avoid strong 

immune reaction leading to acute inflammatory and therefore the rejection of the scaffold. In the 

presence of harmful chemicals after the gelation process, purifications processes such as dialysis 
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should be performed. Since the scaffolds implants act as a temporary extracellular matrix, its 

degradability is imperative in order to allow cell growth and make space for the cells’ own extracellular 

matrix  [38],[40], [41].  

As established before, the architecture of scaffolds is of utmost importance for the penetration of cells, 

diffusion of waste products out of the scaffold construct, the safe exit of the degraded scaffolds out of 

body as well as sufficient volume for new tissue formation and vascularization [38], [42].  

Vascularization, i.e., formation of blood vessels, allow the circulation of nutrients, oxygen, and waste 

products and therefore crucial for tissue engineered constructs and hydrogels have been good 

candidates as vascularizable scaffolds. As shown in Figure 2.6, vascularization can be induced by either 

incorporating vasculogenic growth factors into the scaffold or planting endothelial cells (ECs) within 

the scaffold and the use of vasculogenic growth factors has successful in the growth of microvessel 

after the implantation process [39], [43]. 

 

 

Figure 2.6 Incorporation of growth factors and endothelial cells into the scaffolds [39]. 
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Other requirements are the mechanical characteristics [39]. Sufficient mechanical properties need to 

be integrated during the fabrication of the scaffolds to ensure their resistance during implantation and 

their support during the engineering of new tissues specially cartilage and bone tissues. An example is 

bone fracture where age is an important factor in healing process because compared younger people, 

the fracture healing rate is slower in elderly ones [38].  

 

Figure 2.7 Different components for a tissue engineered construct [38]. 

 

 But more recently, the use of stimuli-responsive hydrogels (e.g. magnetic, electric) have been of great 

interest in various biomedical applications (e.g. hyperthermia, drug delivery, wound healing and tissue 

engineering) [44]. The incorporation of magnetic nanoparticles (MNPs) into a three-dimensional 

hydrogels allows the improvement of the mechanical properties of the matrix as well as magnetic 

actuation. [44].  

Thus, magnetic hydrogels can also be utilized in the tissue engineering field, i.e. the reconstruction and 

repair of damaged tissues and organs, the cellular and/or micro-tissue assembly and the improvement 

the cells’ biological activities due to the adjustment of different properties (e.g. mechanical, physical 

and biochemical) of the environment surrounding the cells by applying an external magnetic fled [45], 

[46]. Iron-oxide based nanoparticles such as Fe3O4, γ-Fe2O3, and cobalt ferrite nanoparticles are often 

used as fillers [45]. Cells are continuously subjected to mechanical forces coming from surrounding 

cells and their extracellular matrix (ECM) and the processes during which the cells transform these 

extracellular mechanical stimuli into intracellular biological cues are called mechanotransduction [47]. 

The stimulated magnetic hydrogels promote cell control, i.e. stem cell differentiation, by adjusting the 

mechanotransduction pathways [46].  
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3. OBJECTIVES OF THE PROJECT 

The general aim of the project is the development and characterization of composite hydrogels for 

energy storage, temperature sensors and scaffolds for tissue engineering applications. A conductive 

polymer (PEDOT:PSS), a polysaccharide (sodium alginate) and magnetic and electrically conductive 

nanoparticles (e.g., Fe3O4, carbon nanomaterials) are utilized for the preparation of the hydrogels.  

The specific objective to achieve the general aim are: 

1. Preparation and characterization of PEDOT-alginate hydrogels and composites. 

  

2. Incorporation of magnetic (e.g., Fe3O4) and electric (nano)materials (e.g., CNT, CNP, graphene) 

into the PEDOT-Alginate hydrogel to improve their functionality. Characterization of their 

physicochemical and functional properties.  

 

3. Study of the different hydrogels synthesized for applications in:  

i. Supercapacitors 

ii.  Temperature sensor 

iii.  Tissue Engineering 

3.1 Extension of the project 

The extension of project entails an initial bibliography research on hydrogel biopolymers as well the 

different applications they are utilized for. Thereafter, magnetic nanoparticles embedded hydrogels 

adequate for the aforementioned applications are developed by analyzing them utilizing different 

characterization techniques.  

3.2 Project development  

The project is divided into three different categories each one for the 3 different studied applications. 

The first two parts (supercapacitor, temperature sensor) have been experimentally carried out while 

the third part (tissue engineering) is theoretical due to the lack of time to perform the experiments. 

Initially, the synthesis and characterization of PEDOT/Alg-based hydrogel containing magnetic and/or 

electric nanoparticles for the purpose of developing a supercapacitor. Secondly, the designing PEDOT-

based hydrogel with magnetite nanoparticles for the conception of temperature sensors. Lastly, the 

synthesis of magnetite containing PEDOT/Alg hydrogels to be utilized for cell proliferation and growth.  
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4.  Experimental Section 

4.1 Synthesis of hydrogels  

Hydrogel samples were made using two type of polymers: sodium alginate, a polysaccharides, and 

PEDOT:PSS, a conductive polymer. A ratio of 1 to 3 of respectively PEDOT:PSS and alginate was used in 

this experiment for mechanical stability purposes, meaning that the PEDOT:PSS chains go into the 

pores of the 3D network matrix and are not chemically bonded to the alginate chains (see Figure 4.1). 

The synthesis of the hydrogel sample was done by dissolving 0,39g of sodium alginate powder (3,9 

wt%) in 10ml of distilled water and then magnetically stirring the mixture at a temperature between 

30-50 °C in a water bath to avoid the overheating of the solution. 1ml of alginate solution and 1ml of 

PEDOT:PSS (1,3wt%) are mixed together in a speed mixer at 3500rpm for 5min. Afterwards, 150µl of 

the mixed solution is put into Teflon molds to prepare the films. A transparent indium thin oxide (ITO) 

-coated PET (polyethylene terephthalate) film is also inserted in the mold cavity (Figure 4.1). The ITO is 

a conductive film that will help when performing the electrical and electrochemical characterization to 

avoid damaging the sample. After that, the mold is immersed in a calcium chloride (0,2M) bath. Thus, 

the hydrogel film is formed by physically crosslinking the alginate chains through ionic interactions (i.e., 

the sodium ions bonded to the alginate chains are replaced by calcium ions that link together the 

alginate chains). The gel formation takes approximately 24 hours to ensure the diffusion of calcium 

chloride solution inside the small cavity of the mold. 

 

Figure 4.1 Interpenetrating network (IPN) of alginate and PEDOT:PSS (left picture), Teflon mold (right 

picture). 
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4.2 Incorporation of iron oxide nanoparticles 

In order to modify the properties of the PEDOT-Alginate hydrogels, magnetic iron oxide nanoparticles 

(Fe3O4 NPs) were incorporated into them. Thus, different amounts of magnetite were incorporated in 

the hydrogel: 5, 10, 15, 20 and 30 wt.%. The PEDOT/Alg/Fe3O4 hydrogels were prepared by first adding 

the Fe3O4 NPs into the PEDOT-Alginate solution. After that, the resulting solution was mixed for 5min 

at a rotating velocity of 3500rpm with a speedmixer. And finally, 150 μl of the dispersion was poured 

into the teflon molds that were subsequently sunk in a calcium chloride (0,2M) solution. The hydrogel 

composite films were obtained after about 24 hours.  

4.3 Vapor phase polymerization, VPP 

A method to improve the electrical and electrochemical performance of the previous hydrogels is to 

perform a vapor phase polymerization (VPP) by inserting PEDOT onto the PEDOT/Alg-based hydrogels 

films. The storage of electrochemical charge in PEDOT is strongly related to its surface area as well as 

its electrical conductivity and the vapor phase deposition technique leads to a thin, highly conductive 

PEDOT film as the work of D’Arcy et al. have shown [48]. The VPP process, based in the work of D’Arcy 

et al., is realized at an ambient pressure and at a temperature of 65 °C inside an oven. The EDOT 

monomer is put in an ethanol solution. To initiate the polymerization reaction, an oxidant (iron 

chloride) was used.   

The VPP process is performed following the following steps. 

- The hydrogel sample onto the ITO substrate is placed on the oven chamber.  

- The hydrogel surface (not the ITO) is covered with 50-75µl of aqueous iron chloride solution 

(0,266M) depending on the area of the substrate. 

- Two small containers with 125 μl of the EDOT-ethanol solution (0,0674M) are put on each side 

of the hydrogel sample into the oven.  

- The temperature (65ºC) is applied during different times (46, 60, 75 and 90 min) to study its 

effect.  

- Afterwards, the VPP samples are placed in small containers with the calcium chloride solution. 
 

-  
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4.4 Electrochemical deposition with nickel iron, Fe-Ni  

Another strategy to enhance the specific capacitance of the hydrogel was to incorporate nickel-iron 

nanoparticles by electrodeposition. The electrochemical deposition is a process of reducing metallic 

ions onto a conductive substrate by using an electrical current. The electrodeposition of NiFe was 

performed by chronoamperometry (E=-1.5V) for different times (5, 15 and 30 min) at room 

temperature. The electrolyte solution consisted of 0.0375M NiSO4, 0.0125M FeSO4 and 0.1M CaCl2. 

The PEDOT/Alg hydrogel was used as working electrode. Meanwhile, platinum foil and Ag/AgCl/KCl 

were used as counter and reference electrodes, respectively.  

 

4.5 Incorporation of different carbon nanomaterials 

A third strategy we followed to improve the capacitance of the hydrogel was the incorporation of 

carbon nanomaterials: graphene, carbon nanoparticles (CNP) and carbon nanotube (CNT). The carbon 

nanomaterials were incorporated during the synthesis of the hydrogel samples. We incorporated each 

of the nanomaterials separately (30wt%) but also a mixture of graphene (15wt.%) and CNT (15wt.%).  

4.6 Characterizations 

4.6.1 Electrochemical characterizations and cell design 

Three-electrode or two-electrode cell design are used to perform electrochemical characterization of 

supercapacitors. The three-electrode system evaluates mainly the electrode material and as shown in 

figure 4.2, include a counter electrode (CE), working electrode (WE) separated by a reference electrode 

(RE) and all of them connected to a potentiostat. The potentiostat is utilized to fix either the current 

going through the electrode material or the electrode potential and then registering the change in 

potential or electrode current, respectively. The reference electrode (e.g., silver chloride electrode, 

Ag/AgCl) and the counter electrode (e.g., platinum) play important roles during the characterization as 

the former create a base potential while the latter regulate the potential and hence equilibrate the 

reaction happening in the working electrode. Cyclic voltammetry (CV) and galvanostatic charge 

discharge (GCD) are the two electrochemical characterizations to evaluate the ability of materials to 

store energy, i.e. the capacitance (C) [28]. In this project the three-electrode configuration is used. 
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Figure 4.2 Three-electrode cell illustrating the electrolyte, potentiostat as well as: a) working 

electrode, b) reference electrode, and c)counter electrode [25]. 

 

The cyclic voltammetry (CV) consists of applying potential to the working electrode and then measuring 

the current (I) and plotting it against the potential (E) applied. The figure 4.3 shows different curves 

observed according to the type of capacitor characterized. The capacitance (C, F) can be calculated 

from the CV curve following the equation 2, where ∫ 𝑖𝑑𝑉 is the absolute area of the curve, 𝛥𝑉 (V) is 

potential window and Vs (V/s) is potential scan rate. To obtain the specific capacitance (Cs), the 

capacitance is divided by the mass (m) of the active material, equation 3 [28]. The application of an 

external magnetic field has the ability of enhancing the specific capacitance by having an impact on the 

transport of charge [49].  

 

𝐶 =
∫ 𝑖𝑑𝑉

2∗𝑉𝑠∗𝛥𝑉
                                                                                                                                                                  (2) 

𝐶𝑠 =
𝐶

𝑚
                                                                                                                        (3) 

 

Contrary to the CV, during the galvanostatic charge discharge (GCD) a constant current density is 

applied, and the potential response measured. The specific capacitance can also be determined using 

the GCD curves as indicated in equation 4, where 𝛥𝑉 (V) and td (s) are the potential range and the 

discharge time respectively, I (A) is the discharge current applied and m (g) is the mass of the active 
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material. The figure 4.4 displays a linear charge and discharge curve for EDLCs materials and a nonlinear 

one for pseudocapacitive materials caused by redox reactions [28], [50].  

 

𝐶𝑠 =
𝐼∗𝑡𝑑

𝑚∗𝛥𝑉
                                                                                                                        (4) 

 

Besides the specific capacitance, the energy density (E, Wh/kg) and the power density (P, kW/kg) when 

analyzing the actual performance of supercapacitors. The following equations, 5 and 6, are used to 

calculate them [28], [51].   

𝐸 =
𝛥𝑉2∗𝐶𝑠

2
                                                                                                                      (5) 

𝑃 =
𝐸

𝑡𝑑
                                                                                                                              (6) 

 

 

Figure 4.3  CV curves of; a) an ideal capacitor, b) a EDLC, and c) a pseudocapacitor [25]. 
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Figure 4.4 GCD curves of; a) a EDLC, and b) a pseudocapacitor [25]. 

 

The obtained hydrogel films are then electrochemically characterized using the three electrodes 

method where the working electrode is the hydrogel sample. The electrolyte used in this experiment 

is a 0.2M calcium chloride solution. The cyclic voltammetry (CV) is done at a potential range, ΔE, of 0-

0,8V and a potential rate of 100mV/s. The current density graph is obtained by dividing the intensity 

by the weight of the samples (working electrode). Meanwhile, the galvanostatic charge discharge 

(GCD) is performed at a potential range of 0-0,8V and with a charging and discharging current intensity 

of 0,25µA and -0,25µA, respectively.  

 

4.6.2 Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDX) 

The morphology of the samples is examined using the scanning electron microscopy (SEM). The SEM 

consists of scanning the surface of the desired sample with high-energy beam of electrons to obtain an 

image. The interaction between the sample and the electrons produces signals, containing information 

about the sample’s surface, and transforming them into an image with high-quality and spatial 

resolution. This technique is used to characterize thoroughly a sample by studying and analyzing its 

topography (i.e. surface features), composition, morphology (i.e. size and shape), orientation of grains 

etc. [52], [53].  

Prior to doing the SEM characterization, the samples were lyophilized (i.e., freeze-drying process) to 

maintain the 3D structure of the material by avoiding its collapse but also reducing the shrinkage of 

the material. A small portion of the lyophilized samples are each put on metal supports sputter-coated 

with a fine carbon layer with the help of a K950X Turbo Evaporator to avoid electron charging 
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problems. The morphology of the hydrogel samples was obtained by the SEM using a Focused Ion 

Beam Zeiss Neon40 scanning electron microscope. The microscope is operated at 5KV and has an 

energy dispersive X-ray (EDX) spectroscopy system.  

Energy-dispersive X-ray spectroscopy (EDX) is also used to analysis the elemental composition pf the 

materials. A small portion of the lyophilized samples are each put on metal supports before analysis 

them. High energy beam of X-rays is focused into the sample and the electrons of the atoms are excited 

by ejected them form their shells. Electrons from a high energy shell then fills the inner emptied shell 

and the difference in energy is released in the form of an X-ray and measured by an energy-dispersive 

spectrometer.  

 

4.6.3 Fourier-transform infrared microscopy, FTIR 

 

In addition to the SEM characterization, Fourier-transform infrared spectroscopy (FTIR) is a non-

destructive technique used to analyze the structure of the samples. With the FTIR, the vibrations of the 

functional groups in the molecules are detected with an irradiation at specific wavelengths of light [54], 

[55]. The transmittance (%), i.e., the intensity, is then plotted as a function of the wavelength (cm-1). 

The spectra shows the infrared light that the sample absorbs [56].  

For the Fourier-transform infrared microscopy (FTIR) characterization, a small portion of the hydrogel 

samples and potassium bromide powder, KBr, (1:10) are mixed, grinded, and transformed into 

pellets/disks using pellet dies. Thereafter, the disk forms are made permanent by putting the pellet 

dies in a manual hydraulic press (Figure 4.5) and pressing it at 5 tons for 5 mins.  Potassium bromide 

(KBr) is used because of its transparency in the infrared (IR) spectra, 4000-400cm-1. The pellets should 

be thin and transparent, so the IR beam passes through them. The hydrogel films are lyophilized 

beforehand.  

 

Figure 4.5 Manual hydraulic press.  
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4.6.4 Zeta potential 

Zeta potential measurements are performed on the magnetite nanoparticles in suspension to examine 

their stability as well as their size with time. It measures the effective electrical charge of the NPs 

surface suspended in liquid, pure water in this case, in millivolts (mV). The suspension is prepared by 

adding 20ml of distilled water to 1,5mg of Fe3O4 powder. The solution is then sonicated for 20 min. 

Thereafter 5µl of the suspension is added to a potassium chloride solution (1mM). The mixture is added 

to a cell containing two electrodes and a voltage is then applied.  The applied electrical field prompt 

the movement of the particles.  

The zeta potential (z) is indirectly obtained by measuring the electrophoretic mobility (µe), i.e., the ratio 

between the velocity of the nanoparticles and the applied field with the Henry equation below. 

 

µ𝑒 =
2∗𝑧∗є∗𝑓(𝑘∗𝛼)

3∗ɳ
                                                                                                (7) 

 

Where the ɳ is the absolute zero/shear viscosity of the medium, є is the dielectric constant, and 𝑓(𝑘 ∗

𝛼) is the “Henry function” with 𝛼 being the of the particle and 𝑘 is the thickness of the electrical double 

layer (Figure 4.6), known as the Debye parameter. 𝑘 depends on the temperature of the sample and 

the ionic strength of the suspension. 𝑓(𝑘 ∗ 𝛼) is near to its maximum value of 1,5 in a polar media and 

close to its minimum value of 1 in a non-polar media (Figure 4.6) [57]. 
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Figure 4.6 (A) illustrative definition of zeta potential; (B) Values of Henry function in different media 

[57]. 

 

B A 
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5. Results and Discussion 

5.1. Supercapacitors 

5.1.1 Characterizations of PEDOT/Alginate/Fe3O4 composite films 

Initially, the morphology of the PEDOT/Alg-based hydrogels without any nanoparticles (blank 

hydrogel), as a reference, and the hydrogel with different amount of nanoparticles were characterized 

with the SEM and EDX. On one hand, there is the SEM image of blank hydrogel (Figure 5.1A) that shows 

an open three-dimensional structure where the pores are interconnected and have a size of 

approximately 9±2 μm. On the other side, the EDX mapping analysis exhibit an equal dispersion of the 

signal of the elements within the hydrogel network, like the sulfur from the PEDOT:PSS and calcium 

from the alginate. Therefore it is safe to conclude that the mixture of the PEDOT:PSS and alginate 

polymers is done well and that their the chain homogeneously dispersed inside the structure thus 

forming an interpenetrated polymeric network. This result to the obtention of isotropic and 

homogenous properties throughout the entire hydrogel. 

On the other hand, the figure 5.1B and 5.1C illustrating the morphology PEDOT/Alg-based hydrogels 

containing the magnetite nanoparticles clearly present a more closed structure with less pore 

interconnectivity. The “clogging” of the pores is more prominent with the increase of the magnetite 

NPs in the hydrogel. The presence of the Fe3O4 also shown in the EDX mapping where the Fe signal is 

detected. The poor interconnectivity seen in the SEM can be explained by the clusters of magnetite 

NPs illustrated in the figure 5.1D due to the magnetic attraction between the nanoparticles. However, 

these clusters do not affect the homogeneous distribution of the PEDOT/Alg and alginate chains 

because the signals from the sulfur and calcium coming from PEDOT and alginate respectively are 

evenly detected throughout the whole structure.  
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Figure 5.1 SEM images of (A) blank hydrogel, (B) hydrogel containing 10wt% of Fe3O4, (C) image 

showing the agglomeration of the nanoparticles at a higher magnification and (D) SEM image and 

corresponding EDX mappings.  

 

FTIR spectroscopy were performed on blank PEDOT/Alg hydrogel and on different amount of 

magnetite embedded hydrogel composites (Figure 5.2). The spectra of the three samples do not show 

much difference as they all show the characteristic peaks of alginate and PEDOT. Alginate characteristic 

peaks appear at 3460 cm-1, the stretching vibrations of the hydroxyl (O-H) bonds appear, and at 



Functional hydrogels for energy and (bio)engineering applications  

                                                                                                                  24 

 

1620cm-1 and 1441cm-1, the asymmetric and symmetric stretching of carboxyl groups (–COO). On the 

other hand, small peaks characteristic of PEDOT are observed at 1564 cm-1 for the C=C stretching of 

the thiophene ring, 1270 and 1122 cm-1 for the C-C vibrations of the fused dioxane ring, and 862cm-1 

for the C-S stretching of the thiophene ring in PEDOT. Finally, the peaks in the range of 571-667cm-1 

correspond to the vibrations of Fe-O bonds from magnetite although their intensity is extremely low 

probably due to the lower amount in comparison to alginate and PEDOT.  

 

 

Figure 5.2 FTIR spectra of PEDOT/alginate hydrogel, PEDOT/alginate hydrogel + 10wt% Fe3O4 and 

PEDOT/alginate hydrogel + 30wt% Fe3O4. 

 

Electrochemical characterization with and without magnet was performed on the Pedot/Alg based 

hydrogel with different amounts of Fe3O4 NPs. As a reference, the PEDOT/Alg-based hydrogels without 

any nanoparticles (blank hydrogel) was also characterized (Figure 5.3). First, the fact the CV graphs 

exhibit a (quasi)‐rectangular curves [58] without the redox peaks shows us that PEDOT/Alg-based 

hydrogel acts as a pseudocapacitor. The voltametric curves show a symmetric behavior during the 

energy storage process. The current of the reference hydrogel registered during the energy storage 

process is extremely low (i.e., current in the range of µA) due to the low amount of PEDOT (1:3; PEDOT: 

Alginate), thus having low electrical conductivity. The area of the curve of the reference hydrogel 

depends on the surface area (pore size) of the hydrogel in addition the amount of the PEDOT in it. The 

incorporation of magnetite NPs slightly improves the recorded current as well the area of the curves. 

The addition of 5wt% of NPs increases the recorded current and gives two times the specific 
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capacitance (Cs) of the reference hydrogel (Table 5.1). Nevertheless, the increase of the percentage of 

NPs (>5wt%) shows a decrease of the current as well as the Cs (Figure 5.3). Such behavior is due to the 

formation of iron oxide nanoparticles clusters because of magnetic attraction between them which 

results in lower surface area of magnetite and less pore interconnectivity within the hydrogel. These 

results agree with the aggregates observed by SEM.  

Moreover, attaching a magnet to the PEDOT/Alg/Fe3O4 hydrogel composites show a slight 

improvement in the Cs for all the PEDOT/Alg/magnetite hydrogel composites except for the one 

containing 10wt% of Fe3O4 curves (see Table 5.1). More research is clearly to clarify the influence of 

the magnetic field.   
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Figure 5.3 (A) CV curves of a blank hydrogel and hydrogel/Fe3O4 composites; (B) CV curves of blank 

hydrogels and hydrogel/Fe3O4 composites under the influence of a magnetic field.   

 

Table 5.1 Specific capacitance of magnetite incorporated hydrogel composite films 

Sample Cs (mF/g) without 

magnetic field 

Cs (mF/g) with 

magnetic field 

Pedot/Alg 0,827 0,827 

Pedot/Alg/5wt% Fe3O4 1,686 1,727 

Pedot/Alg/10wt% Fe3O4 0,852 0,847 

Pedot/Alg/15wt% Fe3O4 0,247 0.277 

Pedot/Alg/20wt% Fe3O4 0,216 0,266 

Pedot/Alg/30wt% Fe3O4 0,274 0,362 
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Finally, the stability of the Fe3O4 NPs in suspension was analyzed by performing zeta potential 

measurements. The calculated mean value of the zeta potential is -6,5 ± 2,97mV. The values (positive 

or negative) of the zeta potential indicates the stability with time [59]. Higher values show electrostatic 

repulsion between the particles and thus their segregation whereas lower values or near-neutral zeta 

potential indicate insufficient electrical repulsion meaning less stability, leading to the aggregation of 

the particles [60], [61]. The low value obtained here clearly shows the aggregation of magnetite NPs 

which corresponds to clusters illustrated in the SEM and EDX images above.  

 

5.1.2 Vapor phase polymerized PEDOT/alginate samples  

The PEDOT/Alg hydrogels show extremely low capacitance values that can be attributed to the low 

electrical conductivity of the hydrogels. To improve it, we incorporated more PEDOT into the hydrogel 

through vapor phase polymerization. To do so, we put the sample into an oven chamber at 65ºC to 

create an EDOT/EtOH atmosphere. To induce polymerization only in the hydrogel, we place the oxidant 

(FeCl3) on its surface. Different polymerization times were performed to study their effect on the 

capacitance. As shown in the figure 5.4, the vapor phase polymerization onto the PEDOT/alginate 

hydrogel samples did not contribute to an improved specific capacitance as the vapor phase 

polymerized samples exhibit smaller or equivalent area to the non-polymerized hydrogel one (see 

Table 5.2). Thus, the vapor phase polymerization was apparently not successful.  

 

 

Figure 5.4 CV curves of a blank hydrogel and vapor phase polymerized hydrogels. 
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Table 5.2 Specific capacitance values of vapor phase polymerized hydrogels. 

Sample Cs (mF/g) 

Pedot/Alg hydrogel 0,827 

45 min VPP Pedot/Alg 0,219 

60 min VPP Pedot/Alg 0,300 

75 min VPP Pedot/Alg 0,256 

90 min VPP Pedot/Alg 0,773 

 

5.1.3 Electrochemical deposition of Ni-Fe 

Since the VPP did not allowed improving the electrical conductivity and the capacitance, we performed 

the electrodeposition of Ni-Fe with a double aim. First, Ni-Fe nanoparticles are metallic which could 

improve the electrical conductivity and therefore the capacitance. And second, the Ni-Fe nanoparticles 

are magnetic, and it has been reported that an external magnetic field can greatly improve the 

capacitance of composite materials containing magnetic nanomaterials [31]. Thus, we performed the 

electrodeposition of Ni-Fe into PEDOT/Alg hydrogels at -1.3 V and at different times (5, 15 and 30 min). 

As it can be observed in figure 5.5, 15min electrodeposition provide with an increased area and thus 

an enhanced Cs. The Cs of the sample electrodeposited for 15min is 4mF/g compared to the non-

electrodeposited sample and the samples electrodeposited for 5min and 30min with a specific 

capacitance of 2,95 mF/g, 1,995 mF/g, and 1,65 mF/g respectively. The increase observed in 

capacitance from 5 to 15 min could be attributed to the increase in the amount of Ni-Fe. Meanwhile, 

the decrease observed from 15 to 30 min can be attributed to an increase in the particle size and 

therefore, a reduction in the surface area. We also studied the influence of a magnetic field on the Cs. 

As observed in table 5.3, the Cs values are lower than those recorded without the field. These results 

are opposite to those observed for other authors [31,47]. Therefore, more experiments need to be 

performed. 
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Figure 5.5 CV curves of a blank hydrogel and electrodeposited PEDOT/Alg hydrogels (A) without 

magnetic field and (B) with applied magnetic field. 
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Table 5.3 Specific capacitance values of the hydrogels with and without applied magnetic field. 

 

 

 

5.1.4 PEDOT/alginate samples with graphene, carbon nanoparticles (CNP) and carbon 

nanotubes (CNT) 

In the absence of a notable improvement of the specific capacitance with the incorporation of 

magnetite, PEDOT through vapor phase polymerization and Ni-Fe nanoparticles, new samples 

containing different types of carbon nanomaterials (i.e., CNT, CNP, and graphene) were prepared. After 

the CV of different carbon-based hydrogel composites, it is shown in the figure 5.6 that the 

PEDOT/Alg/CNT and PEDOT/Alg/CNP hydrogel composites have a greater current density and 

therefore a higher Cs compared to the blank hydrogel. Meanwhile, the hydrogel composite containing 

graphene did not show an increase neither in the current density nor in the Cs compared to blank 

PEDOT/Alg hydrogel (see Table 5.4). The low Cs of graphene embedded PEDOT/based hydrogel is 

probably due to the restacking and thus accumulation of the graphene sheet. To avoid that, a 

combination of CNT and graphene was added to form the hydrogel composite film due the ability of 

CNT to act as a spacer between the graphene sheets [25]. The CV curve of the 

PEDOT/Alg/graphene/CNT hydrogel composite obtained show an improvement of the Cs by 

approximately seven times which means that the space created between the sheets has increased the 

surface area (i.e., creation of extra pores) (Table 5.4).  

Sample Cs (mF/g) without 

magnetic field 

Cs (mF/g) with 

magnetic field 

Pedot/Alg hydrogel 0,827 0,827 

5 min Electrodeposited 

Pedot/Alg 

1,995 1,557 

15 min Electrodeposited 

Pedot/Alg 

4,001 1,453 

30 min Electrodeposited 

Pedot/Alg 

1,648 0,461 
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Figure 5.6 CV of a blank hydrogels and carbon-based PEDOT/Alg hydrogel composites. 

 

Table 5.4 Specific capacitance of PEDOT/Alg hydrogel and carbon-based PEDOT/Alg hydrogel 

composites. 

Sample Specific capacitance 

(mF/g) 

Pedot/Alg hydrogel 0,827 

Pedot/Alg/30wt% graphene  0,858 

Pedot/Alg/30wt% CNT 4,043 

Pedot/Alg/30wt% CNP 6,239 

Pedot/Alg/15wt% graphene 

and 15wt% CNT 

6,239 
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Taking profit that the PEDOT/Alg hydrogels containing either CNP, CNT or graphene/CNT showed an 

increased in current density and capacitance, we decided to perform again the electrodeposition of 

metallic Ni-Fe in an attempt to improve even more the capacitance. The time chosen for the 

electrodeposition is 15min because it has proven to be the optimal time where the particles’ size is 

large enough without being prone to agglomeration and thus reduction of the surface area. Following 

the electrodeposition, the Cs of the PEDOT/Alg/CNT/graphene and PEDOT/Alg/CNP hydrogel 

composites have improved significantly meaning the deposited nickel-iron nanoparticles has indeed 

contributed to the increase of the electrical conductivity of the materials (Table 5.5). We can observe 

it not only because a higher current density is observed in CV’s (Figure 5.7A) but also because a higher 

discharge time was recorded during GCD experiments (Figure 5.7B). Among all carbon-based 

hydrogels, the hydrogel containing the CNT exhibit a lower Cs which probably is due to a low surface 

area of the material and less pore connectivity. It safe to conclude the likelihood of nanoparticles 

accumulation and thus cluster formation in the three-dimensional structure leading to a more 

“clogged” network. Further experiments are needed to understand the stability of different carbon-

based nanomaterials in suspensions.  

Based on these results, PEDOT/Alg/CNT/graphene hydrogel composite seems a good candidate in 

developing an electrochemical supercapacitor, even though more experiments are required to validate 

the results obtained in this project.  
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Figure 5.7 (A) CV curves of a blank hydrogel and electrodeposited Ni-Fe carbon nanomaterial-

containing hydrogel composites; (B) GCD of electrodeposited Ni-Fe carbon nanomaterial-containing 

hydrogel composites. 

 

Table 5.5 Specific capacitance of PEDOT/Alg hydrogel and carbon-based PEDOT/Alg hydrogel 

composites electrodeposited with Ni-Fe. 

Sample Specific capacitance 

(mF/g) 

Pedot/Alg  0,827 

Pedot/Alg/30wt% CNT 2,984 

Pedot/Alg/30wt% CNP 34,685 

Pedot/Alg/15wt% graphene 

and 15wt%CNT 

10,417 
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5.2. TEMPERATURE SENSOR 

We also explored the use of PEDOT/Alg/Fe3O4 hydrogels as temperature sensors since PEDOT:PSS is a 

thermoresistor material able to sense the variation of resistance with temperature [62]. First, we 

measured the variation of the normalized resistance (ΔR/R0) with temperature in the interval from 

room temperature to 60 °C. Figure 5.8 shows how the normalized resistance decreases with 

temperature because the electrical conductivity of PEDOT increases. Since PEDOT is a semiconducting 

material, a temperature increment enhances the charge carrier transport and the generation of charge 

carriers, which results in a negative temperature coefficient. The temperature coefficient of resistance 

(TCR), defined by Eq. 1, represents the sensitivity of the hydrogel:  

𝑇𝐶𝑅 =  
𝑅−𝑅0

𝑅0
·

1

∆𝑇
· 100                                                                                                                       (1) 

The calculated sensitivity is -1.35 ± 0.15 %/ºC, which is slightly higher than that reported for similar 

temperature sensors based on PEDOT:PSS [62]. Thus, this hydrogel can be successfully used as 

temperature sensor for biomedical applications. Moreover, we tested PEDOT/Alg/Fe3O4 hydrogel as in 

the future we would like to investigate it for magnetic hyperthermia applications due to the presence 

of magnetic nanoparticles and simultaneous temperature sensing. 

 

Figure 5.8 Normalized resistance dependance on the temperature 
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5.3 Magnetic scaffolds for tissue engineering 

During the process of tissue engineering, different processes such as cellular growth, proliferation, 

signaling or migration are crucial. Therefore, magnetic biomaterials are having great interest in 

repairing or replacing damaged and dead tissues by controlling and directing cell functions at a distance 

[63],[64]. Magnetic NP incorporated scaffolds can be triggered by an external magnetic field to enable 

the release of growth factors, cell migration and distribution and later on the formation of cell cluster 

and construction of complex engineered 3D tissues [46].   

We evaluated the response of PEDOT/Alg/Fe3O4 hydrogels previously synthesized to an external 

magnetic field to be potentially used for tissue engineering applications. As illustrated in the figure 5.9 

below, the hydrogel is successfully attracted to a magnet. This signifies that the magnetic hydrogel is 

stimuli-responsive and can indeed be controlled remotely by the appliance of an external magnetic 

field. Now that it can safely be said that the PEDOT/Alg/magnetite composite is magnetically 

responsive, the scaffold subjected to a magnetic field could be potentially used to attract magnetic 

carriers of growth factors during tissue repair, regeneration, and cell cultures for tissue engineering. In 

that regard, a further step is required by incorporating cells into the hydrogel films and studying cell 

viability but also the responsiveness of a magnetic field and possibility of controlling the scaffold from 

a distance. 

 

 

 

Figure 5.9 hydrogel-Fe3O4 (30wt%) composite attraction to magnet. 
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In order to highlight the importance of magnetic-responsive biomaterials, a few experimental results 

of previous studies in tissues engineering are shown in table 5.6. It is clear from their outcome that a 

magnetic field can enhance cell proliferation and organization  in different types of cells [65].  

 

Table 5.6 Magnetic hydrogels for tissue engineering applications [65]. 

Scaffold Cell type Stimuli Remark Reference 

HA doped with 

Fe2+/Fe3+ ions and 

collagen 

human 

osteosarcoma 

cell, in vitro 

Static 

EMF 320 

mT 

improved 

cell 

proliferation 

compared to 

the 

nonmagnetic 

control 

scaffold 

[66] 

Alginate/MNP endothelial 

cells, in vitro 

AC 

magnetic 

field of 

10-15 G 

 

enhanced 

stimulation 

of 

endothelial 

cells and 

organization 

into capillary 

[67] 

Chitosan/alginate 

multilayer and 

MNP 

fibroblast, in 

vitro 

no EMF higher cell 

proliferation 

rate 

[68] 

AC: alternating current, EMF: external magnetic field. 
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6.  Environmental impact 

Developing a new material requires not only the adequate properties needed, affordability but also 

the consideration of the possible environmental impact and analyzing it. All chemical residues with the 

possibly of negatively affecting the environment, especially dangerous reactants were selectively and 

carefully sorted out into different bins to be treated later. Plastic gloves, containers, films, and glass 

containers were sorted out to be recycled. Most of the plastic containers were reusable, effectively 

reducing the increased plastic waste. The use of glass materials is prominent in the laboratories to 

avoid the waste and therefore be more environmentally friendly.  
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Conclusion and future perspectives 

The three-dimensional structure of PEDOT/Alg-based hydrogels show a well interpenetrating 

copolymers because of the homogenous distribution of the polymer chains and the distinct pore 

leading to interconnected networks with enhanced connectivity. However, these hydrogels showed 

low capacitance values to be used as supercapacitors. Four different strategies were followed. First, 

the insertion of magnetite nanoparticles slightly improved the Cs. However, the more MNP 

incorporated into the hydrogel the lower the Cs is and that is probably due to their susceptibility to 

agglomeration. Second, the incorporation of PEDOT by VPP into the PEDOT/Alg hydrogel did not 

improve the energy storage capacity of the bare hydrogel probably because it blocked the access of 

the electrolyte ions into the hydrogel. Third, the electrodeposition of Ni-Fe nanoparticles for 15 min 

did slightly increased the capacitance. And finally, the incorporation carbon nanomaterials gave to a 

wide range of properties. While graphene did not increased Cs because of the possibility of graphene 

sheets restacking during hydrogel formation, the incorporation of CNT and graphene combined with 

Ni-Fe electrodeposition showed a drastic increased in the capacitance.   

In this project, influence of an external magnetic field on the Cs is ambiguous and therefore more 

experiments need to be done to analyze it. In addition to that, different strength of the magnetic field 

needs to be applied when performing the CV and GCD to analyze their effect on the Cs. Additionally, 

more characterizations are needed to evaluate the interaction between CNT and graphene sheets and 

eventually a proof of concept needs to be developed by designing a solid-state supercapacitor.  

PEDOT/Alginate/magnetite hydrogel is indeed thermo responsive as its resistance decreases as 

temperature increases obtaining a good sensitivity. Finally, this magnetic-stimuli hydrogel could 

potentially be used in tissue construction, but we must perform in vitro and in vivo experiments with 

cells to evaluate it.  

 

 

 

 

 



Functional hydrogels for energy and (bio)engineering applications  

                                                                                                                  40 

 

 

 



Functional hydrogels for energy and (bio)engineering applications  

                                                                                                                  41 

 

Economic Analysis 

This section shows a detailed analysis of all the resources used during the execution of the project. 

Important expenses, including material, characterizations, and staff, are separated into different tables 

(see below).  The total sum expended during this project amount to approximately 3 980€.  

Table 0.1 film synthesis. 

Technique Quantity Unit price Cost (€) 

Alginic acid sodium salt   3,9 g 31,49 €/250g 0,49 

PEDOT:PSS  3g 227€/250g 2,72 

Calcium chloride  88,2 g 112€/100g 98,78 

Distilled water 2L 0,60€/L 1,2 

Sample container 40ml  15 160 €/800units 3 

Fe3O4 2g 336€/250g 1,34 

Graphene  0,5g ˷ 103€/1000g 0,052 

CNT 0,6g ˷123€/1000g 0,074 

CNP 0,5g ˷128€/100g 0,64 

Tip 200uL 30 59,28€/960units 1,85 

Tip 1mL 15 54,17€/960units 0.85 

Ethanol 0,5L 25,50€/L 12,75 

Edot monomer 0,23g 7,48€/g 1,72 

FeCl3 1,1g 0,29€/1000g negligeable 

Total   123,75 
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Table 0.2 Characterization techniques. 

Technique Quantity (h) Price (€/h) Cost (€) 

FTIR 6 30 180 

RAMAN 3 75 25 

Focused Ion Beam/FE-

Scanning Electron 

Microscope 

6 250 1500 

Desktop Scanning 

Electron Microscope 

(PhenomXL) 

4 60 240 

Total    1945 

 

Table 0.3 Staff. 

Position Quantity (h) Price (€/h) Cost (€) 

Project director 60 60 1800 

Technicians 10 110 110 

Master student 720 - - 

Total   1910 
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