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Resumen 
La nanociencia y la nanotecnología representan uno de los campos más 

interesantes de la ciencia moderna, con un carácter altamente multi- e 

interdisciplinar, ya que combina diferentes disciplinas como la química, la 

biología, la física y la ingeniería, aprovechando sus principios y procesos. Los 

nanomateriales han estado presentes en la naturaleza y en la vida desde 

tiempos ancestrales. Sin embargo, no es hasta la revolución industrial cuando 

se desarrollan nuevas herramientas tecnológicas que propiciarán en el futuro 

un gran interés por el estudio de los nanomateriales. Una de las grandes 

características de los nanomateriales es que presentan propiedades diferentes 

al disminuir su tamaño a nivel nanométrico ya que poseen una mayor área 

superficial.  

Las nanopartículas poliméricas (PNPs) han recibido recientemente mucho 

interés y tienen un papel clave en diversas áreas como fotónica, electrónica, 

sensores, medicina, control de la contaminación y tecnología ambiental. La 

transformación del polímero disponible a granel en un material polimérico de 

tamaño nanométrico ha proporcionado la aparición de propiedades nuevas e 

interesantes sin cambiar la composición del polímero. 

Con el fin de desarrollar nuevos dispositivos de alta tecnología para diversas 

aplicaciones, los investigadores necesitan controlar mejor la estructura y la 

función de las nanopartículas poliméricas comprendiendo el papel del tamaño, 

la forma y la composición. La interfaz de investigación en la que las 

nanopartículas poliméricas se encuentran con la química analítica, la 

biomedicina, la construcción, la electroquímica y otros campos ofrece ricas 

oportunidades para revelar nuevas propiedades químicas, médicas y biológicas 

de los nanomateriales y descubrir muchas funciones y aplicaciones nuevas de 

estos materiales.  

Las nanopartículas poliméricas, por tanto, representan una plataforma para 

poder desarrollar nuevas aplicaciones, estudiando nuevas rutas sintéticas para 

obtener las propiedades óptimas para cada aplicación deseada. 



  

 

En la tesis, se describen los avances recientes en la síntesis de nuevas 

nanopartículas poliméricas con propiedades avanzadas mediante diferentes 

estrategias. Las estrategias sintéticas incluyen la síntesis química y física para 

la producción controlada de nanopartículas poliméricas con morfologías bien 

definidas. 

En concreto, se desarrollaron diferentes tipos de nanopartículas con altas 

prestaciones en aplicaciones en almacenamiento de energía y en el campo de 

la antifalsificación. 

Los beneficios tecnológicos que se han desarrollado en la tesis doctoral residen 

en el diseño de los nuevos nanomateriales con potenciales aplicaciones que 

además pueden aportar valor a tecnologías y productos ya existentes, como 

además dar soluciones a problemas medioambientales y sociales actuales. 

Estas nuevas rutas sintéticas y pruebas de concepto creadas en la presente 

tesis doctoral generan nuevo conocimiento que da valor tanto a nivel 

académico como industrial. 

  



   

 

 

Abstract 

Nanoscience and nanotechnology represent one of the most interesting fields in 

modern science, with a highly interdisciplinary character, as it is developed by 

mixing different disciplines such as chemistry, biology, physics and engineering, 

taking advantage of their principles and processes. Nanomaterials have always 

been present in nature. It was not until the industrial revolution, when new 

technological tools were developed, that allowed the future study of 

nanomaterials. One of the main characteristics of nanomaterials is that they 

have different properties as they decrease in size at the nanometric level 

because they have a larger surface area. The composition, particle size, shape, 

surface coatings and bond strength of the particles change, providing 

interesting new properties. 

Polymeric nanoparticles (PNPs) have recently received much interest due to 

their unique properties because of their nanometer size. Without changing the 

polymer composition, new properties can be conferred by simply converting 

bulk polymers to nanoscale polymers. 

In order to develop new high-tech devices for various applications, researchers 

want to have better control over the structure and function of polymer 

nanoparticles by understanding the role of size, shape and composition. The 

research of the interface where polymer nanoparticles meet analytical 

chemistry, biomedicine, construction, electrochemistry and other fields offers 

rich opportunities to reveal new chemical, medical and biological properties of 

nanomaterials and to discover many new functions and applications of these 

materials.  

Polymeric nanoparticles, therefore, represent an alternative to develop new 

applications by simply studying new synthetic routes to obtain the optimal 

properties for each desired application. 

In the Thesis, recent advances in the synthesis of new polymeric nanoparticles 

with advanced properties using different strategies are described. The synthetic 

strategies include chemical and physical synthesis for the controlled production 

of polymeric nanoparticles with well-defined morphologies.  



  

 

Specifically, different types of nanoparticles with high performance in 

applications in energy storage and in the field of anti-counterfeiting were 

developed. 

The technological benefits that have been developed in the Ph.D. Thesis lie in 

the design of new nanomaterials with potential applications that can also add 

value to existing technologies and products, as well as provide solutions to 

current environmental and social problems. These new synthetic routes and 

proofs of concept created in this Ph.D. Thesis generate new knowledge that 

provides value at both academic and industrial levels. 

 

  



   

 

 

Preface 

This Ph.D. Thesis has been focused on Secure, Clean and Efficient Energy and 

Secure Societies Protecting Europe's Freedom and Security of H2020. 

The motivation of this Thesis is to deepen the chemical composition, structure, 

and functioning mechanisms of polymeric nanoparticles (PNPs) with potential 

application in different fields, especially in energy storage, traceability, and anti-

copying products. 

The work in this PhD Thesis consists of the development of functional 

nanocomposites and nanostructured polymer nanoparticles with advanced 

properties. In order to develop these advanced systems, first we will try to 

control the structure and function of micro/nanomaterials through shape, 

composition, hybridization and dimensions. A characteristic of nanomaterials is 

that they generally present different properties by decreasing their dimensions 

to nanometric levels.  

The preparation of new functional polymeric nanostructures will be investigated, 

from both commodity polymers and new synthetic polymers, formed through 

different strategies that allow the production of nanoparticles with well-defined 

morphologies. 

These nanoparticles will be used as functional materials for different proof-of-

concept tests in various applications, such as traceability and authenticity 

control systems in the packaging sector, and in new sustainable energy storage 

systems. 

The general objective is, therefore, the design and synthesis of new polymeric 

nanoparticles dispersible in water and green solvents using new chemical 

strategies. The aim is to advance in the fundamental knowledge of the 

synthesis of new polymeric nanoparticles and then, in their sustainable and 

environmentally friendly processing, as well as in their practical applications in 

the area of energy storage and anti-counterfeiting. 

The following specifics objectives related to the main goal of this Ph.D. Thesis 

have been identified: 



  

 

1 The synthesis of low-cost nanoparticles composed of three interpenetrated 

functional macromolecular networks (polypyrrole, methyl cellulose and lignin) 

offers the opportunity to address two major energy and environmental 

challenges: global warming and pollution of the atmosphere by greenhouse gas 

emissions and electricity generation together with energy storage from 

renewable sources. Batteries are potential candidates to enable both energy 

storage and CO2 storage.  

2 Synthesis of new polymeric nanoparticles, enhancing water solubility and 

maximizing the number of redox sites to improve the capacity (Energy) of these 

polymeric systems. A proof of concept is performed on an aqueous, hybrid flow 

battery with a zinc anode and the innovative redox block-copolymer 

nanoparticles developed in this Ph.D. Thesis as catholyte material in the cell. 

3 Design of new luminescent polymeric nanoparticles without the use of 

chromophores or semiconducting polymers. 

4 Application of polymer nanoparticles in the circular economy of plastics and in 

the field of anti-counterfeiting of products. 

  



   

 

 

THE INDUSTRIAL AND ACADEMIC STRUCTURE OF THE Ph.D. THESIS 

The development of this Ph.D. Thesis is carried out within the framework of the 

industrial Ph.D. of the Community of Madrid (CAM). The main goal of this Ph.D. 

fellow is the reinforcement of the I+D+i and competitiveness of industrial 

partners through the development of research projects in close collaboration 

with the universities and public research Institutions. Besides, the Ph.D. 

candidate has improved her professional perspective through the acquisition of 

new scientific skills and the expansion of their scientific vision in different areas 

such as polymer science and nanotechnology, energy storage and anti-

counterfeiting of great interest to society. All of this has enhanced the 

interaction between the industrial and academic spheres promoting knowledge 

transfer from research to its practical application. 

 

Industrial and academic structure of the Ph.D. Thesis 

 



  

 

The main partners involved in the development of the activities of this Ph.D. are 

the following: 

• Spanish National Research Council (CSIC).  

The Thesis has been carried out at the Institute of Polymer Science and 

Technology (ICTP) in the Polymer Composite Group. The Thesis has 

been co-directed by: 

o Dr Javier Carretero González has extensive experience in the 

design of electroactive polymeric materials, and their study by 

applying advanced characterization tools to unveil their energy 

storage and failure mechanisms.  

o Dr Mario Hoyos Nuñez is an expert in the synthesis, preparation, 

and physical and chemical obtaining of nanostructures, as well as 

the modification of their properties in the synthesis of new 

semiconducting polymers from specific catalysts for their 

subsequent use in electronic devices and anti-counterfeiting 

systems. 

o Dr. Miguel Ángel López Manchado has extensive experience in 

the processing and characterization of polymer nanocomposites. 

 

The existence of three directors in this Thesis is due to the multi- and 

interdisciplinary nature of the subject of the Thesis, and the evolution of their 

scientific content. Besides, the direction of all of them have favored the 

achievement of the main objectives. 

 

• Inentia Arô S.L.  

Part of the research has been carried out in the company; the 

supervisors of the industrial activities in this Ph.D. are Ramon Cisneros 

and Daniel Andrinal Lopez.  

Inentia Arô S.L. is a company incorporated on 25/11/2016 in San 

Sebastian de Los Reyes, Madrid. Its CNAE is Wholesale trade of 

perfumery and cosmetics products. The SIC activity of INENTIA ARO SL 

is 5122 Drugstore, perfumery and pharmacy and its business purpose is 

Retail Trade by Correspondence or Internet. 



   

 

 

The newly formed company was awarded a CDTI project for the 

development of a new personal device. The development of new anti-

counterfeiting measures will allow the company to have a new 

complementary product to the basis of its market strategy. Doing the 

industrial doctorate with Inentia Arô S.L. allows the company to acquire 

specific and highly qualified knowledge relevant to its market interests.  

The company had developed a new personal wearable device which they 

had patented and developed. The company's objective is to provide a 

smart packaging solution to protect, track the product and create safety 

links between brands and the consumer. The goal is to design a plastic 

cosmetic package with an anti-counterfeiting system inside the product. 

 

• Alcalá de Henares University (UAH): The tutor at the university is Dr. 

Belén Batanero, whom has been following closely the development of 

the research and has advised to the Ph.D. candidate during the duration 

time of the Ph.D. Thesis. 

 

  



  

 

SPECIFIC ACADEMIC AND INDUSTRIAL ACTIVITIES 

PERFORMED DURING THE Ph.D. THESIS 

The main objective related to the industrial activities carried out by the company 

was to develop new anti-counterfeiting systems inside the product for plastic 

cosmetic package. So, new advanced materials based on polymer 

nanoparticles for the development of dispersions or stable inks, processable by 

different methodologies on any kind of substrates were designed.  

Despite the Ph.D. Thesis being planned into an industrial doctorate context, the 

content extended to the synthesis and study of new advanced nanoparticles 

that could be applied in other industrial applications such as energy storage. 

The main reason behind this decision was that the developments performed on 

that topic might enrich the research related to anti-counterfeiting.  

Once put in context, the first steps to follow in this industrial Ph.D. are: 

1. Find the suitable polymer for each application. 

2. Optimize the material processing conditions. 

3. Study under standard:  

ASTM-D543-95: Chemical and resistance evaluation.  

ASTM-D638-14: Mechanical properties. 

4. Evaluate the most suitable polymer dispersion to be used. 

5. Design the pattern to create a detection code and demonstrate its 

potential application as a traceability system. 

 

  



   

 

 

Ph.D. THESIS STRUCTURE 

This Ph.D. Thesis has been divided into 6 chapters, and include the following 

elements:  

Chapter 1 introduces the main aspects related to the state of the art in the area 

of polymeric nanomaterials such as, design principles, synthesis, structural 

diversity, chemical functionalization, processing and potential applications of 

polymeric nanoparticles. It shows the trade-off between nanoparticle size, 

morphology and the properties of the nanoparticles. 

In the Chapters 2 and 3 involved in Section I: "energy storage applications", 

introduce the synthesis of different nanoparticulate systems for its use as 

aqueous electrolytes in redox flow batteries (RFB). This will enable the 

development of RFBs in aqueous solution and avoid the use of toxic and 

hazardous solvents. In addition, the aim is to replace the existing expensive 

membranes with size-exclusion membranes.  

Chapters 4 and 5 involved in section II: "anti-counterfeiting applications" 

focus on the design of new anti-counterfeiting systems using nanotechnology. 

The objective of Inentia-Aro, S.L., enterprise responsible for the industrial 

doctorate, is the use of these anti-counterfeiting systems in the cosmetics-

perfumery sector. 

Chapter 5 assesses the applicability of these nanoparticles as anti-

counterfeiting systems on the market. Non-cloneable physical patterns are 

created and validated through an existing mobile application.  

Finally, the conclusions of the Thesis and future outlook are given in Chapter 6. 

  



  

 

The preparation of this Ph.D. Thesis has resulted in a total of three scientific 

articles in prestigious international journals, and two international patents under 

the starting hypothesis. 

Most of the experimental work presented in this Ph.D. Thesis was carried out at 

the Institute of Polymer Science and Technology (CSIC) in Madrid (Spain). 

Collaborations with other institutions, however, have also taken place. In 

Chapter 2, part of the work has been carried out with the support of Dr. Martin 

Sjödin at the Department of Engineering Science, Uppsala University (Sweden). 

And the support of Dr. Daniel Arenas Esteban and Dr. David Avila Brande at the 

Department of Inorganic Chemistry, Faculty of Chemistry, Universidad 

Complutense de Madrid, Spain. In Chapter 3, part of the work has been carried 

out with the support of. Francisco J. Rivera Gálvez, and Dr Carlos F. Jasso 

Gastinel, at Chemical Engineering Department, Universidad de Guadalajara, 

Guadalajara (México). On the other hand, cryoEM imaging was performed at 

the Centro Nacional de Biotecnología (CNB) with the assistance of Rocío 

Arranz. In Chapter 4, the fluorescence confocal microscopy work was carried 

out at the Instituto de Investigaciones Biomédicas "Alberto Solis" (CSIC-UAM) 

with the assistance of Mónica Martín and Lucía Guerrero. All Chapter 5 was 

developed at the University of Copenhagen in the TJS group, with the support 

of Dr. Thomas Just Sorensen. 

This Ph.D. Thesis is written in English to facilitate and promote its scientific 

impact, although it has been developed almost entirely in Spain. 

 



   

 

 

 

Structure of the Ph.D. Thesis by sections and chapters. 
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Introduction 

Recent years have seen difficult situations such as the Covid-19 pandemic that 

has devastated a large part of the planet, or global warming due to increasing 

greenhouse gas emissions into the atmosphere that have caused extreme 

situations, such as the Filomena or gigantic fires in Spain. This situation must 

be addressed in order to avoid devastating consequences in the near future. 

Therefore the 2030 Agenda of the United Nations (UN) has based its planning 

on the fulfillment of the Sustainable Development Goals (SDGs) (Figure 1.1) to 

be achieved during the period 2016-2030. 

 

Figure 1.1. United Nations Sustainable Development Goals 

Society is facing serious challenges, and that is why it is now when new 

technologies are being explored that can offer solutions in almost every aspect, 

from health, energy, environment, and climate either directly or indirectly [1].  

Nanotechnology is part of the tools at our disposal to deal with major problems 

such as those we are currently observing [2-4]. 
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Nanotechnology  

Nanotechnology has great potential for application in countless sectors that can 

find solutions that remedy many of the problems that need to be solved to 

achieve the SDGs. Nanotechnology can offer breakthroughs and innovations 

that can provide answers and solutions to help the environment and the society. 

The SDGs that will benefit from the impact of nanotechnology are 2, 3, 6, 7, 9, 

11 and 12, although indirectly other SDGs will also benefit [4].   

Nanotechnology can be defined as the set of knowledge and methodologies 

that come from different branches of science (biology, engineering, physics and 

chemistry among others) with which we have learned to understand and master 

the matter at nanometric scale, that is, at atomic and molecular scale. 

Nanotechnology is therefore based on the understanding and knowledge of the 

properties of matter at the nanometer scale of less than 1000 nm.  

However, what are nanomaterials? They can be defined in several ways: they 

are materials that have a dimension at least < 100 nm whose relative scales are 

shown in Figure 1.2; another definition is as materials that have special 

properties that depend directly on their small size. This last definition is what 

gives nanomaterials a high added value compared to conventional materials.  

 

Figure 1.2. Dimensional scale from nanoscopic to macroscopic 

Nanoscience and nanotechnology have been recognized almost modern and 

highly promising research topics. Nanotechnology was predicted in 1959 in 

Richard Feyman in his lecture’s “There’s Plenty of Room at the Bottom" [5], but 
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it was defined until 1974 by Norio Taniguchi [6]. Therefore, the field of 

nanotechnology has been explored for 50 years. The knowledge generated 

over the last 50 years and its interdisciplinary nature means that this domain of 

matter at the nanometer scale has great potential for cross-cutting applications 

in different sectors. Currently, the nanotechnology contributes to almost all 

fields of science such as, natural sciences and engineering, materials science, 

agriculture, medicine, and a myriad of fields that continue growing today [7] 

(Figure 1.3).  

 

Figure 1.3. Diverse applications of nanotechnology 

Nanomaterials present particular properties due to the effect of reduced size, 

surface effect and have many applications in electrochemistry, optics, 

electronics, analytical devices among others [8–11]. For example, nanoparticles 

(NPs) are atomic aggregates or solid particles with a nanometer size. The NPs 

can be formed by different materials with different shape and morphology [12]. 

The small size of the NPs gives them specific properties because they are 

subject to physical laws that lie between classical and quantum physics [13]. 
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The existence of nanoparticles is not only due to man-made design and 

fabrication in modern research, but nanoparticles can also be found in the 

environment. Depending on the nature of nanoparticles these can be classified 

as inorganic or organic (Figure 1.4) [14,15].  

For example, quantum dots, can be made either of metallic ceramic or 

carbonaceous materials [9,16–19].  

Organic nanoparticles can be classified according to their composition and 

structure as micelles and liposomes, dendrimers, nanogels and polymeric 

nanoparticles [20]. The latter being the main subject of the Ph.D. Thesis being 

carried out.  

 

Figure 1.4. Schematic representation of some inorganic and organic 

nanoparticles 

Polymer nanoparticles 

Polymer nanoparticles (PNPs) represent one family of nanoparticles, but in the 

last decades they are expanding rapidly and play a fundamental role in different 

areas. They have generated great interest as evidenced by the increasing 

number of associated publications [21,22]. This fact is evidenced by the 

increasing number of publications on polymeric nanoparticles in the last 21 

years that is reflected in the following image (Figure 1.5). The data have been 

extracted from Scopus source.  
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Figure 1.5. Articles published each year on polymeric nanoparticles 

This is because polymeric nanoparticles possess unique properties that satisfy 

a wide range of applications (Figure 1.6). 

 

Figure 1.6. Document by thematic applications 

Polymers confined at nanometer scale are studied to understand the size effect 

on their final properties. When designing nanostructures various physical 
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dimensions can be affected (1D, 2D and 3D) [23,24]. Nanoconfined polymeric 

structures can be synthesized to obtain on-demand properties [25,26]. 

They can be defined as colloidal systems with a diameter between 10-1000 nm, 

the general range being around 100-500 nm [27]. Polymer nanoparticles are 

defined by their polymeric composition which can be a homopolymer or 

copolymer [28]. 

These nanoparticles are often associated with novel properties mainly due to 

the nanometer size. By simply decreasing the size of the bulk polymer to 

nanometer polymer, new properties can appear without modifying the material 

components. 

What gives value to nanotechnology and nanoscience is that the conversion to 

polymer nanoparticles causes their physicochemical qualities to be modified. 

What really makes novel properties possible is the decrease in size, since at the 

nanoscale, quantum spaces prevail and the ratio between surface area and 

volume is multiplied, which leads to the appearance of novel and unique 

properties [29–33]. The following figure describes the increase in surface area 

in the transition from the macro to the nanoscale (Figure 1.7). 

 

Figure 1.7. Large surface area with reduced particle size 

The term "polymer nanoparticle" includes any type of nanometer-sized particle 

but focuses on polymer nanospheres and nanocapsules. Nanocapsules are 

vesicular systems while nanospheres are particles whose entire volume is solid 
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[22,27]. Spherical nanoparticles are usually obtained for the reason of lower 

energy [34-36]. 

Applications of polymer nanoparticles are affected by their physical properties 

and morphology. Both factors can be controlled to design nanoparticles a la 

carte [37-39]. The advantages of polymer nanoparticles are the potentially 

biodegradable properties, the ability to engineer the polymer by modifying the 

functional groups, and the wide variety of synthetic routes [40]. 

Therefore, the main objective of nanoparticle design is to create well-defined 

polymer nanoparticles with controllable characteristics such as particle size, 

morphological shape, surface charge, porosity, mechanical and chemical 

resistance. These properties make them suitable for applications such as drug 

delivery, special coatings, UV protection, among others [41–44]. 

Synthesis of polymer nanoparticles 

Advances in polymer chemistry and physicochemistry mean that the synthesis 

of polymer nanoparticles can provide them with countless properties [45–48]. 

The choice of preparation methods mentioned below depends on a number of 

factors, such as the type of polymer system to be used, the field of application 

and the size required. Therefore, a key objective is to control the structural and 

interfacial design of polymer nanoparticles with unique functionalities for each 

application. 

Features for nanoparticle design 

PNPs must be designed, synthesized, and optimized their properties depending 

on the final application. Composition, shape, size, and surface charge must be 

carefully considered for the design of PNPs. Well-defined structural and 

interfacial characteristics of PNPs are the key to an efficient outcome over 

different applications.  

- Size: Due to the high surface/volume ratio, nanoscale particles hold 

very different properties from their bulk equivalents. The main effect 

observed on the size of nanoparticles is their increased interaction with 

active objects when the nanoparticles are smaller [32,49]. 
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- Morphology:  Polymers are soft, swellable, flexible, and amorphous or 

crystalline, so they often end up having a spherical shape since the non-

spherical shape of nanoparticles of the same size have a higher surface 

energy than spheres at the nanoscale, and therefore, a non-spherical 

shape is thermodynamically unfavorable [35,50-52].  

- Surface charge: Surface characteristics is a very important feature in 

desired applications. Surface ligands not only favor the stability of 

nanoparticles through electrostatic repulsions but also are decisive in 

interactions with the environment [53]. 

- Chemical composition: The individual applications of PNPs depend 

on the composition of the polymer, its inherent properties, and the 

polymerization processes [54]. 

PNPs can be synthesized by two different approaches that can be also used in 

a complementary manner [55,56]. On the one hand, the preparation of polymer 

nanoparticles by direct polymerization, where they are manufactured from the 

monomers (chemical method or bottom-up method). On the other hand, post-

polymerization nanoparticle fabrication, where nanoparticles are prepared from 

a preformed polymer (physical or chemical method or top-down method) [57-59] 

(Figure 1.8).  

 

Figure 1.8. Schematic representation of bottom-up and top-down method for 

the preparation of polymer nanoparticles 
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Bottom-up: Direct polymerization 

The polymerization of monomers to prepare PNPs can be performed through 

different strategies [60].  

o Conventional emulsion polymerization 

This method is within the group of emulsion polymerization, being the 

conventional one the most used. The elements necessary are water, a 

monomer that is not very soluble in water (e.g., vinyl acetate, ethylene, 

styrene, acrylonitrile, acrylates and methacrylates, diene conjugates), an 

initiator (the most common are benzoyl peroxide (BPO) and 2,2′-azo-bis-

isobutyrylnitrile (AIBN)) that is soluble in water and a surfactant. Initiation 

occurs when a monomer molecule that is stabilized by the surfactant 

contacts an initiator molecule which causes it to create free radicals and 

interact with the molecules of the other monomers and polymerization 

begins. The reaction continues until the monomer runs out. Phase 

separation and particle formation can occur before or at the end of the 

reaction. Nanoparticles with a size of around 10 2 nm (50-300 nm) are 

obtained [61–63]. 

 

o Surfactant-free emulsion polymerization 

To eliminate the use of surfactants in conventional emulsion 

polymerization, surfactant-free polymerization has emerged. This is a 

simple and environmentally friendly process without the need for 

subsequent removal of surfactants. The ingredients used in this 

polymerization are water, an initiator (e.g., potassium persulfate, KPS) 

and monomers (usually vinyl or acrylic). Different nucleation mechanisms 

are proposed for the creation of polymer nanoparticles, such as 

homogeneous nucleation or micelle nucleation. The use of one or the 

other depends on the water solubility of the monomer [64–68]. Emulsion 

polymerizations differ from suspension polymerizations mainly in the size 

of the particles in which the reaction takes place (much smaller in 

emulsion). 
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o Micro-emulsion polymerization 

This methodology is within the family of emulsion polymerizations. In this 

case, it differs from conventional emulsion polymerization due to its 

kinetics. In the case of conventional emulsion polymerization, there are 

three speed intervals while for the microemulsion only two are found. In 

general, smaller nanoparticles (10-30 nm) are obtained by this 

methodology. To carry out this method, a water-soluble initiator is 

needed, which is added to a stable aqueous phase containing swollen 

micelles. The polymerization is based on high amounts of surfactants 

that have an interfacial tension between the phases close to zero. In this 

case, the particles are coated with surfactant due to the high 

concentration of surfactant. In a first stage, the polymer chains are only 

formed in a few drops. Subsequently, due to the osmotic pressure of the 

chains, the microemulsions are destabilized and an increase in particle 

size is generated [69–72].  

  

o Mini-emulsion polymerization 

The difference with conventional emulsion polymerization lies in the use 

of a low molecular mass compound as a stabilizer and the use of a 

homogenizing device. Mini emulsions require a higher energy source in 

order to obtain a stable state. The necessary ingredients are an organic 

phase containing the initiator, an aqueous phase containing the 

surfactant and monomer and constant agitation. After agitation, a 

minimum size of nanoparticles is obtained (30-100 nm). The 

combinations of initiators and stabilizers are key to the nature of the 

nanoparticles [38,73–75]. 

 

o Interfacial polymerization 

It is a widely used technique for the synthesis of polymer nanoparticles. 

In this case, the monomers are dispersed in two different phases 

(continuous phase and dispersed phase) and the reaction takes place at 

the interface of the two immiscible liquid phases. The most common 

monomers typically used in this polymerization are water-soluble 

diamines (such as piperazine and aromatic m-phenylenediamine) and 
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acid chloride monomers (such as trimesoyl chloride and isophthaloyl 

chloride) [76–79]. 

 

o Radical polymerization 

The advantage of this methodology is the precision with which 

nanoparticles can be synthesized. Particle size, size distribution, particle 

functionalities and particle architecture can be controlled. In this case the 

polymerization takes place in a dispersed system, in particular in an 

emulsion polymerization whereby continuous addition of free radicals the 

polymerization takes place. There are different radical polymerization 

routes, such as atom transfer radical polymerization (ATRP) and 

reversible addition and fragmentation transfer chain polymerization 

(RAFT), among others [80–84]. The families of transfer agents most 

commonly used in RAFT polymerization are dithiobenzoates, 

trithiocarbonates, xanthan and dithiocaramate. Depending on the chain 

length of the polymers synthesized by this mechanism, different sizes of 

nanoparticles can be obtained, from nanometric to micrometric. 

 

Top-down: post-polymerization 

The expression "top-down" means starting from a piece of a specific material 

and using mechanical or chemical processes to obtain the desired size and 

structure. 

In this section we discussed the physical and chemical method for the 

fabrication of PNPs using preformed polymers as starting point. The methods 

could be subsequently applied after the chemical polymerization. Once obtain 

the polymer is necessary to create a dispersion to generate the nanoparticles. 

This section will only describe the main characteristics of each methodology 

how each methodology works [55,56]. 

o Spray Drying 

This method is among the earliest technologies developed and is still 

considered to be one of the best methodologies for the preparation of 

NPs. It is a one-step production, making solid particles from the liquid 

phase, suitable for the manufacture of a wide range of powder with 
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controlled properties for application. A solution containing solvent and 

polymer as solute is transformed into a spray of small beads by 

atomization [85-88]. 

 

o Nanoprecipitation 

Is based on the spontaneous precipitation of polymers in a non-solvent 

phase. It is also called as solvent displacement method. The basic 

principle of this techniques is based on the interfacial deposition of a 

polymer after displacement of a semipolar solvent, miscible with water, 

from a lipophilic solution. Polymer is mixed with intermediate polarity 

water-miscible organic solvent. Then, the solution is added drop by drop 

into the stirred aqueous phase under ambient condition. Then, the 

nanoparticles are collected by/on precipitation. The `particle size has 

been regulated by the concentration of polymer, temperature, speed of 

stirring, rate of the injection on two phases and different kinds of solvents 

[89–94].  

 

o Dialysis 

Dialysis appears by the exploration of a surfactant-free nanoparticle 

system, which is effective for the fabrication of small and homogeneously 

distributed nanoparticles. For this purpose, the polymer dissolved in an 

organic solution is introduced into a dialysis bag with a given molecular 

weight cut-off. The displacement of the organic solvent by water inside 

the membrane leads to aggregation of the polymer due to the decrease 

of solubility in a different medium. In this case, the morphology and size 

of the nanoparticles are affected by the solvent used and the type of 

polymer [95–99]. 

 

o Salting out 

This technique consists of two steps, in the first one the polymer is 

dissolved in an organic solvent that can be miscible with the aqueous 

solution. Subsequently the solution is emulsified in electrolytes such as 

magnesium chloride or calcium chloride and an aqueous solution 

containing a surfactant. The nanoparticles precipitate because the 
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organic solvent separates from the aqueous phase due to the influence 

of ions. The process is carried out with constant stirring which prevents 

the organic solvent from mixing with the aqueous solution because of 

salinity. Finally, the system is diluted with an excessive amount of water 

to increase the diffusion of the solvent in the aqueous solution, thus 

causing the nanoparticles to form. Its great advantage is that it does not 

require high temperatures, its disadvantage is the intensive washing 

required for the nanoparticles [100–104]. 

 

o Solvent evaporation 

This method was the first used to obtain nanoparticles from a preformed 

dissolved polymer. In this method, the polymer is dissolved in an organic 

solvent with low boiling point to create an emulsion. To create the 

emulsion, an external energy source such as a homogenizer or 

ultrasound is needed, resulting in nanoparticles. Finally, to obtain the 

nanoparticles it is necessary to evaporate the solvent. It has been 

observed that the particle size is affected by the concentration of the 

polymer, the type of homogenizer and the stirring speed [105–109].  

 

o Freeze-drying method 

In this method the bulk polymer is dissolved in an organic solvent and 

completely frozen and crystals are obtained from the solution. Then the 

product is placed under high vacuum and the solvent is evaporated y 

sublimation. Finally, by evaporating the solvent under high vacuum, the 

polymer nanoparticles can be obtained and collected [110–113].  

 

Depending on the requirements, it is feasible to choose the best production 

route and polymer type to produce nanoparticles with the preferred size range.  

Applications of polymer nanoparticles 

The polymeric nanoparticles are used in several industrial sectors, as for 

example, biomedical, magnetic, catalytic, optoelectronic (Figure 1.9). 
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Each individual application of PNPs depends on the polymer composition of the 

nanoparticle. This composition depends on the inherent properties of the 

polymer which are influenced by the polymerization technique. In general, 

polymer nanoparticles possess very good structural and interfacial 

characteristics such as size, surface charge, shapes, porosity, swellability etc. 

which provides a wide range of potential applications [55,56]. 

The following is a brief summary of why they are used in some of the most 

studied applications to date. 

o Biomedical application 

Polymer nanoparticles have found their way into the broad field of 

medicine because they possess excellent chemical and physical 

properties compared to bulk materials. This is not the first time that 

nanomaterials have been used for medical applications, as inorganic and 

organic nanoparticles have already been used. Polymer nanoparticles, 

which are being further developed due to their highly valued properties 

such as cytotoxicity, biocompatibility and biodegradability, are used in 

applications such as bioimaging, controlled drug release and diagnostics 

among others [114–116].  

 

o Magnetic application 

Another field in which it has found a niche is in the field of magnetic 

nanomaterials. These nanomaterials can be used in different fields such 

as wastewater treatment, drug delivery, catalysis, nuclear magnetic 

resonance imaging, biosensors, etc. Polymer nanoparticles have great 

cavity in this sector because magnetic properties can be induced inside 

them [117–120]. 

 

o Catalytic application 

With the idea always to obtain faster, less expensive, more efficient 

results and improve productivity, catalytic reactions appear. The search 

for new catalysts has been a hot topic in recent decades. Catalysts have 

been found that can be used in industry, which revalues their design. In 

order to improve the existing ones, polymer nanoparticles are part of this 
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challenge, in which polymer catalysts work because they can have 

different active sites where catalytic reactions take place. Thanks to the 

possibility of designing polymer nanoparticles, they have properties that 

make them advantageous over the rest, such as that they can be 

modified to give specific properties, they can be adjusted for different 

reactions, they are easy to recycle, and they could be easily separated 

by filtration [121–124]. 

 

o Optoelectronic application 

Another field in which polymeric nanoparticles are used is for the 

manufacture of optoelectronic devices (fiber optics, laser diodes, smart 

TVs, cell phones, solar cells, etc.) due to their excellent electrical and 

optical properties. In this area, the focus is on conductive polymers, since 

they can be used in different parts of electronic circuits, giving them 

advantages such as light weight, durability, appearance and flexibility 

[125–129]. 

 

There is only a brief classification of possible applications of nanoparticles 

nevertheless there is a wide range of applications to be further developed and 

explored. Polymer nanoparticles can also be used as nanoparticles for self-

healing materials, as construction materials, for 3D printing with magnetic 

properties, as polymer electrolytes, as future electrochemical devices, catalysts, 

luminescent markers, as anti-counterfeiting products, as flame retardant 

applications, and possibly as many other applications as we can imagine [130–

134] (Figure 1.9). 

 



Introduction 
   

46 

 

Figure 1.9. Applications of polymer nanoparticles 

Closing remarks 

In the last decades, nanotechnology has already had an impact on industries 

such as consumer goods, weaponry, and medical treatments. This Chapter has 

discussed the current problems that our society has and how through 

nanotechnology may be able to solve some of the Sustainable Development 

Goals (SDGs).  

As can be seen, nanotechnology has developed and is developing important 

advances in different sectors. Nanotechnology has the potential to improve or 

transform a wide range of sectors such as electronics, energy, environmental 

research, medicine, food production among others.  Nanotechnology is poised 

to be a disruptive and far-reaching technology in the coming decades. 

The combination of nanotechnology and polymer science can bring about a 

revolution in today's world if the knowledge and advantages of both are 

harnessed. With nanotechnology the polymer can be prepared at the 

nanometer scale and different optical, electrical, and magnetic properties 

interesting for different applications can be introduced. 
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In the search for information on the applications of polymer nanoparticles it is 

worth noting that most of them are focused on the medical sector, being applied 

to more sensitive diagnostic methods, therapy systems and controlled drug 

delivery systems. It can also be used as construction materials, raw materials 

for 3D printing, packaging materials, flame retardant materials, future 

electrochemical devices, anti-counterfeiting materials, among others. 

The aim of this Thesis is to explore new synthesis routes towards polymer 

nanoparticles for use in potential applications, as well as to provide a deeper 

understanding of the basic properties of nano-objects. Disentangling the 

structure, stability and properties of nanoparticles is of major importance to 

establish a reliable structure-property relationship.  

In this Thesis, three different syntheses for the preparation of polymeric 

nanoparticles are discussed. Detailed information on the morphology and 

chemical properties of the new nanoparticles is provided using a wide range of 

characterization techniques. In addition, proof-of-concept experiments on 

nanoparticles in applications such as energy storage and anti-counterfeiting are 

presented.  

The Thesis manuscript is organized in two major sections. Section 1 presents 

two types of polymer nanoparticles for use as aqueous polyelectrolytes in redox 

flow batteries for energy storage. Section 2 presents a new polymer particle 

with interesting optical properties and its application in the field of anti-

counterfeiting and circular economy. Finally, the conclusions of this Thesis are 

summarized in Chapter 6 

Obtaining the desired properties of PNPs is related to their synthesis. 

Understanding the structure-property relationship can lead to improved 

capabilities across a spectrum of applications and the advancement of 

nanotechnology. 

The polymer nanoparticles synthesized in this Ph.D. Thesis are made in order 

to cover other research fields in which they can be very useful and interesting.  

1. Sustainable energy storage through chemical synthesis of polymer 

nanoparticles by different methodologies. The nanoparticles will be 
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stable in water and with redox properties to be used as aqueous polymer 

electrolytes for the production of redox flow batteries. 

2. Anti-counterfeiting and traceability of goods products through the 

physical synthesis of polymer nanoparticles. The nanoparticles will be 

used to develop innovative anti-counterfeiting systems for cosmetics and 

perfumery sector. 
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Introduction 

Today, we could not conceive life without electric power; it is an invisible and 

omnipresent comfort that is considered a common consumer good. The great 

challenge of human civilization is to change the way we produced electrical 

energy, which comes from the combustion of fossil fuels. Since such 

combustion emits greenhouse gases such as CO2 into the atmosphere and this 

is harming the planet. There has been a rapid transition to a low-carbon 

economy, which has driven technological development and business innovation 

[1].  

In recent decades there has been an increase in the use of renewable sources 

such as solar and wind [2–4]. However, renewable energy sources present an 

imbalance between supply and demand. A significant portion of this energy 

must be stored for use at peak demand times. Therefore, energy storage is an 

important issue. One of the most versatile energy storage systems are the 

batteries. Therefore, there is a need to develop new batteries that are 

economical, safe and durable for large-scale stationary energy storage (Figure 

I.1.).  

 

Figure I.1. Schematic representation of the needs of the new energy storage 

batteries 

Electrochemical energy storage systems are considered to play a fundamental 

role in the energy transition to a low-carbon economy. An interesting candidate 
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for renewable energy storage system are redox flow batteries (RFBs) [5]. The 

RFBs are especially suitable due to their independent scalability of energy and 

power and their long cycle life. In contrast to standard batteries, the active 

material is not a solid electrode, but the active material is dissolved in an 

electrolyte. Aqueous organic redox flow batteries (AORFBs) have recently 

attracted much attention but it still to overcome various challenges to become a 

competitive technology [5–7]. 

In the following section it will be described how energy is stored and in how a 

redox flow cell works and what are its main components. 

Electrochemical energy storage technologies 

Currently, the electricity sector model has been based on the generation of 

electricity through hydroelectric or thermal power plants that can vary the levels 

of energy production depending on the required demand. But the path of 

renewable energies is leading to a change in the electricity sector, towards a 

model where both systems will coexist, with small renewable energy facilities 

located close to the consumption points [8,9]. 

There are different technologies to convert energy according to the energy 

mechanism such as: electrical, chemical, thermal, mechanical and 

electrochemical storage [10–12]. This section focuses on electrochemical 

storage that store electrical energy into chemical energy. For storage to take 

place, at least two chemical reactions need to occur at the same time, an 

oxidation, and a reduction. The types of electrochemical storage vary according 

to the structural characteristics, design, and nature of the reactants. These 

energy storage systems can be classified into different categories such as 

primary battery, secondary battery, backup cell [13]. This section focuses on 

secondary batteries, i.e., electrically rechargeable batteries, more specifically on 

redox flow batteries. 

What is a redox flow battery? 

Like in another type of secondary battery, redox flow batteries are capable of 

storing energy through an electrochemical reversible process. However, in this 
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type of batteries the electrolyte is in liquid phase and is stored in external tanks 

and pumped into the electrochemical cell and the reaction takes place on the 

surface of the electrodes. The electrodes are only a conductive material that 

allows the transfer of electrons, but they do not undergo any chemical change 

that causes variations in their volume or chemical structure. This process 

converts chemical energy into electricity and viceversa [14]. A membrane is 

placed between the electrodes to maintain ionic contact between the two 

electrodes, prevent electrical short-circuiting and prevent the electrolytes from 

mixing. The membrane must be impermeable to redox active materials to 

prevent mixing and short-circuiting contain one or more electroactive species. A 

simplified schematic is shown in Figure I.2. 

During the charging process the cathode material get oxidizes, releasing 

electrons through the external electrical circuit connecting both sides of the 

battery, and the ions, diffuse to the opposite side of the battery through the 

membrane, by balancing the charge. After the charge process the catholyte 

material was oxidized and the anolyte reduced being stored both in their 

respective tanks and having converted electrical energy into chemical energy by 

this way. During the discharge process, the aforementioned reactions are 

reversed, and the electrolyte materials return to their original state, so that the 

reduced material is now the one that generates electrons by reversing the 

oxidation states to their starting point. When all the material stored in the tanks 

has passed through the electrochemical cell and returned to its initial oxidation 

state, all the chemical energy would have been converted into electrical energy, 

leaving the battery completely discharged. 

Conventional electrolytes consist of soluble redox metal species that dissolve in 

the solvent and undergo rapid, reversible oxidation-reduction reactions during 

battery operation [15]. 

 



Introduction 
   

70 

 

Figure I.2. Scheme of Redox Flow Battery 

Advantages of redox flow batteries 

One of the main advantages of RFBs is that power and energy are decoupled, 

i.e., power and stored energy can be scaled independently. The energy storage 

capacity depends mainly on the capacity, concentration, and redox voltage of 

the electrolytes, while the power is defined by the surface area of the 

electrodes. This modular configuration will favor the scale-up and maintenance 

of the redox flow battery systems while the energy and power are maximum.  

By simply modifying the number of cells or the electrolyte concentration, more 

power and energy can be obtained during long periods [16]. 

In addition, the easy replacement of the electrolyte material in this type of 

batteries is another major advantage because, they can be use almost instantly 

by replacing the liquid electrolyte without having to replace the battery stacks   

as it happens with the rest of commercial batteries based on solid electrode 

materials. 

Other advantages of this electrochemical energy storage system are long 

service life with a high number of life cycles, high efficiency, fast response time 

and low self-discharge. As the catholyte and anolyte electrolytes are stored in 

different external reservoirs, the phenomenon of self-discharge does not occur 
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and therefore the batteries can remain fully discharged for long periods of time 

without detrimental effects. 

Types of redox flow batteries: 

The first generation of electrolytes for RFBs have been based on single 

component active materials dissolved in aqueous electrolytes such as inorganic 

salts and coordination compounds.  

For example, the first prototype of RFBs used Fe3+/2+ and Cr3+/2+ as 

electroactive couples [17]. But in this prototype many problems appeared such 

as electrolyte mixed slowing the reaction kinetics. This prototype was the origin 

of the search for ion selective membranes exhibiting high conductivity for redox 

flow batteries and new electrolytes to make it work. 

The most common of these are transition metals (e.g., Fe, Cr, V) [14], as these 

metals have multiple oxidation states and some of the transitions between these 

oxidation states occurs at a desirable standard reduction potential (SRP) that is 

within the kinetically favorable stability window of water. Therefore, different 

systems have been developed based on: Fe-Cr, Br-polysulfite, Zn-Br, Fe, V [18-

21]. In addition, other molecular reagents such as H2 and halogens have also 

been used. 

Currently, two of the most extended commercial RFBs are: Vanadium (VRB) 

and Zinc-Bromine (Zn-Br), but they use compounds of high cost (vanadium) and 

danger (bromine).  

Because of the need of find low-cost, safe and highly-efficient redox electrolytes 

for aqueous RFBs the research on this type of systems is constantly evolving. 

Several research groups have started to develop new RFB chemistries, which 

use novel approaches such as: flow batteries with non-aqueous electrolyte 

[22,23], membrane-less flow batteries [24–27], batteries roasted in organic and 

organometallic species in aqueous electrolytes [28–30], polymer redox flow 

batteries [5,31–35], hybrid flow batteries [36–39], semi-solid flow batteries [40–

43], or redox mediated batteries [24,44,45] among others. 
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This section focuses on aqueous polymer RFBs. These drawbacks could be 

reduced by using polymer redox electrolytes to reduce the crossover between 

poly(catholyte) and poly(anolyte) materials and allow the availability of low-cost 

porous membranes on the market [35,46]. 

Currently, there is a growing interest in the use of organic-based polymer redox 

architectures in energy storage due to the advantages of organic molecules 

compared to inorganic or metallic materials.  

Why use organic materials?  

Active organic materials are interesting for electrochemical energy storage 

devices because they are low cost, and environmentally friendly. In addition, 

they possess a large molecular and structural diversity that can be tailored by 

relatively simple synthesis methods. One way to tailor their redox potential, 

solubility, chemical and electrochemical stability, and electron transfer rate is to 

modify the chemical structure of the organic molecule. Therefore, these 

materials possess the necessary characteristics to be able to lead innovative 

technologies.  

Due to the wide range of possibilities when synthesizing new organic molecules 

major developments in computational chemistry are being made to provide 

screening tools for choosing organic electrode and electrolyte materials [47], 

being able to test and explore all the possibilities involves the consumption of 

resources and time. 

Organic materials can be applied to different energy storage devices depending 

on their physicochemical and electrochemical properties. Therefore, the same 

organic compound can be used for different materials. In the case of being used 

as redox active electrolytes, it is necessary that they also possess high 

solubility. 

Recent research on RFBs using redox-active organic materials has been 

comprehensively reviewed by the group of Prof. U. Schubert [48]. In the 

following Figure I.3, some representative families of organic redox species 

developed for RFB are summarized. 



       Section I 

73 

 

Figure I.3. Schematic summary of the most common redox organic molecules 

used in aqueous BFRs. OCV: open-circuit voltage 

The first example of an aqueous organic molecules for redox flow batteries was 

proposed by Yang et al. in 2014 [49]. The electrolytes of the catholyte and 

anolyte were based on quinones, anthraquinones, and benzoquinones. The 

battery exhibited a 90 % retention capacity after 12 cycles, and a voltage of 

0.75V. After the study of many different quinones for RFs, other organic 

molecules in aqueous media have been studied.  

In 2016 Liu et al. [50] proposed a redox flow battery of viologen (4,4'-bipyridine) 

and TEMPO (2,2,6,6,-tetramethylpiperidinyloxyl) as anolyte and catholyte 

respectively, dissolved in aqueous solution at neutral pH. The TEMPO molecule 

was functionalized with hydroxyl groups to improve its solubility in water. The 

open circuit potential (OCV) was 1.25V. Functionalization of TEMPO was also a 

usual strategy of Prof U. Schubert group [51] to increase the performance of a 

RFB based on the same TEMPO molecule. In this latter case, the cell showed 

an OCV of 1.4 V and a cyclability of more than 100 cycles. 

The same group proposed the first polymer RFB in 2015 [35]. This battery is 

composed of redox polymers containing viologen and TEMPO in their 

macromolecular chain and dissolved in an aqueous medium at neutral pH 

value. This development is very important since it minimizes the dynamic 

viscosity in the electrolyte. The main advantage of using polymer RFBs is the 

possibility of replacing the high-costly perfluorinated membranes used so far, by 

low-cost, size-exclusion membranes. Two polymers, P1 containing the TEMPO 

unit and P2 containing the methylviologen (MV) units, were synthesized and 

investigated as redox-active materials (Figure I.4). The redox potential of P1 
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and P2 was determined as 0.7 V and 0.425 V vs. Ag/AgCl, respectively, 

suggesting a battery voltage of approximately 1.12 V.  

In 2016, Winsberg et al. [52] studied a hybrid redox flow battery using 

methacrylate/styrene block copolymers (PTMA-b-PS) and TEMPO as 

electroactive material for the cathode and Zn2+/Zn pair for the anode. With this 

approach, they implement for the first time polymeric micelles as charge carriers 

in polymer RFBs. They have shown excellent cyclic stability of more than 1000 

cycles with stable voltage, the battery has a capacity of 54 Ah l-1 at a cell 

voltage of 1.4V. 

The same group developed and studied a new bipolar redox active material for 

organic flow batteries based on boron dipyrromethanes (BODIPYs) [53] with 

high electrochemical reversibility. they found that the new redox polymer 

electrolytes have also an excellent electrochemical stability. They achieved an 

average voltage of 1.28 V for the discharge process, and stable capacity for 90 

cycles. 

As a summary, the most studied redox species in these poly(analytes) are 

limited to a few molecule derivatives such as quinone [54,55], viologen [56,57], 

TEMPO [46,52,57] and ferrocene (Fc) [56,58,59]. 

Future changes and research line. 

With the emergence field of redox active organic molecules and polymers for 

RFBs, a range of new opportunities opens. Moreover, the understanding the 

physicochemical and electrochemical aspects governing the storage 

mechanism of the organic-based electrolytes is also essential to overcome the 

failure of the battery and then extend their lifetime. In addition, it is important to 

be able to find the optimal process conditions of the new sustainable 

electrolytes, i.e., find compatible membranes, salt support and electrode 

materials for the system to work efficiently. 

Based on the development of the last few years, the following challenges must 

be faced: 

- Enhance the solubility of the redox active species. 
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- Increase chemical and electrochemical stability of the active species 

- Minimize cross-over through the membrane 

- In-depth study of the electrode/electrolyte interface 

- Create multifunctionality in the redox species 

In order to achieve all these goals, an enormous effort is being made in this 

area, which has become a hot topic in energy storage. The properties of all the 

components in redox flow batteries, i.e. electrolytes, separator membrane, and 

electrodes are constantly evolving. This means that major improvements in their 

properties are expected over the next few years. 

In summary, the Section I of this Ph.D. Thesis focuses on the development of 

redox active polymer nanoparticles for aqueous redox flow batteries using 

organic active materials. The use of organic molecules leads to a significant 

economic decrease compared to the previously used inorganic compounds. 

Because domestic-sized RFBs, which can be used in combination with 

decentralized PV electricity production on rooftops, safe battery systems are 

necessary. In addition, special attention must be paid to the safety of the 

system, in terms of flammability and toxicity. 

This Section I has focused on one of the main points discussed above to 

improve the existing materials for redox flow batteries. The main objective is the 

substitution of expensive anionic membranes by size exclusion membranes, in 

addition to the use of water as solvent of the redox flow batteries, to mitigate the 

toxicity and price of them. For this purpose, different types of polymers with 

electroactive capacity to store energy in an aqueous medium have been 

synthesized. New size-exclusion polymer nanoparticles with electroactive 

capacity soluble in water as high-capacity charge carriers have been designed, 

developed and studied. Besides, some of these nanoparticles can react with 

carbon dioxide boosting their charge storage properties.  

The combination of nanotechnology and polymer chemistry is the core of this 

Section I. Furthermore, the advantages of using polymer nanoparticles as 

potential aqueous electrolytes for subsequent use in redox flow batteries are 

demonstrated, making these methodologies attractive in this field.  
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Chapters 2 and 3 present the different proposals to solve the challenges 

discussed above by designing new water-stable polymer nanoparticles with 

electroactive species capable of storing energy. 

The selection of the appropriate polymers to prepare water stable dispersions of 

the nanoparticles for use as an electrolyte material in redox flow batteries is a 

critical step of great importance. Therefore, the polymer nanoparticles must 

meet several requirements: 

1. Allow the charge transport intra- and inter-nanoparticles so an efficient 

energy storage take place. The synthesized polymer nanoparticles must 

be water-soluble or create stable dispersions in water in order to 

maximize the amount of energy stored. 

2. The nanoparticles must be homogeneous in size and not pass through 

the size exclusion membrane.  

Chemically engineered polymer nanoparticles offer the possibility of creating all 

these requirements, as their chemical composition, size and morphology can be 

controlled.  

Considering these aspects, a hierarchical polymer composed of sustainable 

biopolymers such as cellulose and lignin and a conducting polymer such as 

polypyrrole, with a nanoparticulate morphology and easily dispersed in water, 

has been synthesized. This new polymeric material would not only be able to 

store energy, but also has the advantage of tackling another major problem in 

society such as CO2 capture.  

In Chapter 3 we described the preparation of a completely different, water-

soluble, electroactive polymeric material, with micellar morphology.  By means 

of a RAFT-type synthesis of an amphiphilic copolymer with 

dimethylaminoferrocene (electroactive compound) inserted by way of a 

chemical exchange. These new micellar ferrocene nanoparticles exhibited a 

high capacity that allow us to use it in a redox flow battery. A proof of concept is 

carried out in a hybrid flow battery with a zinc anode. Hybrid flow batteries 

should be investigated technological systems that include a Zn anode, as this 

metal extends the usable voltage in water and can be acquired at low cost.  
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The 45 % of the CO2 emissions from burning fossil fuels and industrial chemical 

reactions is located in the atmosphere contributing significantly to the global 

warming. The transition to low-carbon energy and climate resilient future will be 

promoted by innovative, highly efficient and low-priced large-scale CO2 and 

energy storage methods adapted to urban and industrial areas. Because of their 

diversity and versatile materials chemistry, batteries are potential candidates to 

enable both energy and CO2 storage, shifting the current paradigm in the field 

mainly focusing on the electrochemical accumulation and release of electricity. 

The creation of advanced rechargeable materials by using sustainable 

precursors and preparation routes will allow the transition towards energy 

storage systems for the future. 
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Abstract 

Herein, we present a multigram scale-up route for the preparation of novel 

polymer composite nanoparticles as potential multifunctional rechargeable 

material of sustainable batteries for the future. The nanoparticles (20 nm) 

comprise three innocuous and functional interpenetrated macromolecular 

networks: polypyrrole, methylcellulose, and lignin. They are uniquely assembled 

in strands or chains (~200 nm) such as necklace beads and show long-time 

stability when dispersed in water. We find that under benign aqueous 

conditions, a suspension of this hierarchical nanomaterial is able to develop two 

sets of reversible redox peaks from the catechol moieties of lignin biopolymer 

separated by ~600 mV. Remarkably, the addition of carbon dioxide further 

boosted one of the electroactive processes by 500 %. Importantly, the three 

redox stages occur in the presence of the same nanostructured polymer so 

being a potentially bifunctional material to be used in advanced electrochemical 

systems. The new properties are attributed to an intrinsic chemical and 

electronic coupling at the nanoscale among the different building blocks of the 

metal-free polymer composite and the structural rearrangement of the 

interpenetrated polymer network by the incorporation of CO2. We have provided 

both a new electrochemically multifunctional hierarchically-structured material 

and a facile route that could lead to novel sustainable energy applications. 
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Scientific background and state of the art 

The increase of air-pollution levels in the atmosphere and their impact on global 

human health and climate change are pushing towards the rapid integration of 

energy from wind and sun into the electric grid and the electrification of 

transport [1,2]. To move towards a low-carbon and climate-resilient future a 

highly efficient, low-priced and large-scale methods to decrease the CO2 

concentration from urban and industrial areas are also needed [3,4]. Batteries 

have not yet achieved the degree of versatility and functionality to store for 

instance simultaneously electricity and CO2 cost-efficiently. In addition, the use 

of more sustainable energy storage materials to minimize the original carbon 

dioxide footprint of fabricating and recycling the battery is highly needed [5].  

In search of superior battery performance, one of the strategies adopted by 

researchers has been the creation of electroactive materials within the 

nanometer scale [6]. By diminishing the particle size [7] or the thickness [8] of 

the electrodes to the nanometer size, both the electrolyte´s ion diffusion paths 

between active sites decreases while the amount of surface area being able to 

allocate the charges increases enabling capacity values close to the theoretical 

ones even at high cycling rates. Nanostructured electrodes can also 

accommodate large strain without pulverization, providing good electronic 

contact and conduction [9].  

However, the fabrication of nanostructured electrodes and electroactive 

nanoparticles normally involves the application of complex routes of synthesis 

with several steps and the presence of harmful chemicals. Moreover, these 

methods usually provide a very low amount of functional material making the 

overall process highly costly and difficult to scale. The electroactive 

nanoparticles are usually of low density resulting in challenges to pack them 

into highly compact electrodes and thus diminishing the possibility to enhance 

the volumetric energy density of the battery. From a practical point of view, if 

both solid micrometer thick electrodes in a conventional secondary battery 

(Scheme 1A) were split off into a massive number of nanoparticles (Scheme 

1B), dispersed in a liquid solvent and then charged and discharged, an increase 

of the capacity and the power capability of the battery system might be 
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expected. The main reason for this is the decreased restrictions due to the 

length scales for ion insertion, which are reduced to short distances. Compared 

to the low mass-content of a solid thin-film electrode, where the energy and 

power are coupled indistinguishably, a fundamental advantage of using 

electroactive nanoparticles in solution is the larger amount of energy that could 

be stored. Moreover, if enough dense these nanoparticles will ensure a high 

battery´s volumetric energy density too.  

This description is closely related to what occurs in flowable electroactive 

suspensions moving back and forth of the cell [10]. The energy limitation of 

these systems is the partial dispersibility of the redox-active material in the 

liquid solvent. In most cases, researchers have implemented organic solvents 

[11] to maximize the concentration of the redox species and the voltage 

window; but the battery system would be expensive and unsafe if a massive 

volume of flammable organic solvent is needed. The utilization of organic 

solvents may also result in low ion mobility and poor rate capability [12]. 

Therefore, in order to achieve cost-efficient and safer electrochemical systems 

to store a large amount of energy from renewable sources, the use of water as 

the main solvent is desired. Recently, a flow battery based on aqueous-

dispersed (1 mol·l-1), micro-sized all-polymer redox-active particulates have 

been developed showing excellent electrochemical properties such as highly 

reversible multi-electron redox process, rapid electrochemical kinetics and ultra-

stable long-term cycling capability [13]. The application of electroactive polymer 

particulate slurries [11], solutions [14] or colloids electrolytes [15] also makes it 

possible to replace expensive ion-conducting membranes with much cheaper, 

commercial dialysis membranes through the mechanism of size exclusion 

(Scheme 2.1C). However, because many redox-active materials are not soluble 

in water the dispersion and stabilization without using surfactants or emulsifiers 

will be challenging.  
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Scheme 2.1. Configurations of different electrochemical cells: A) Conventional 

battery system with thick solid-state electrodes, B) semi solid-like battery and C) 

a redox-active particulate electrolyte flow battery 

Chapter 2 details a sustainable route for the preparation of highly-water 

dispersible and electrochemically rechargeable polymer composite 

nanoparticles. These nanomaterials comprise renewable, abundant, and non-

toxic active components enabling advanced redox properties under benign 

conditions. Methylcellulose has been selected as a dispersing agent to aid the 

creation of nanoparticles during colloidal polymerization and to vouch for the 

long-term stability of the suspensions in water. The other two functional 

components were lignin and polypyrrole. The former is the most abundant 

aromatic biopolymer on earth and can reversibly store charge through the 

reduction and oxidation of catechol moieties (Scheme 2.2) [16]. The latter is a 

low-cost biocompatible conjugated polymer that will enhance the charge 

transport properties in the composite nanomaterial. This new redox-active 

polymer composite is easy to make and does not require additional metal or 

expensive components. 
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Scheme 2.2. Electrochemical oxidation and reduction of catechol moieties of 

lignin biopolymer in protic media 

Polymer composites made of polypyrrole and cellulose derivatives [17] or 

redox- active lignin [6] have been studied before as a solid electrode material. In 

this Chapter, is studied the enhanced reactivity at the nanoscale to trigger 

enhanced functionality in these composites made of interpenetrated networks of 

lignin, cellulose and polypyrrole. The main objective is the preparation of an 

electrochemically active polymer material with the ability to be dispersed in an 

aqueous medium. 

Experimental Methods 

Materials 

Three different polymers have been used for the synthesis of the 

nanoparticulated polymer hybrid electrodes: 

- Methyl cellulose (biopolymer) (Figure 2.1), whose function is to 

provide stability of the nanoparticle dispersion in the aqueous phase and to act 

as a nucleating agent during the polymerization reaction. An initial study in the 

group established that the optimal viscosity of the methyl cellulose was 4000 

cP. 
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Figure 2.1. Molecular structure of methyl cellulose 

-Polypyrrole, which was prepared from the pyrrole monomer by 

oxidative polymerization in the presence of iron trichloride which acts as a 

catalyst for the reaction (Figure 2.2). The function of this polymer is to provide 

the material with good electronic conductivity. 

 

Figure 2.2. Molecular structure of polypyrrole 

-Lignin (biopolymer), whose function is to provide charge and discharge 

storage capacity through a reversible redox process of the quinone groups 

present in the molecular structure. During the charging process, the ortho-

quinone groups are transformed into catechol by capturing 2 electrons and 2 

protons via electrochemical reaction (Scheme 2.2). Three types of lignin with 

different content of sulfonic groups, low, medium and high, have been used. 

The synthesis of different nanoparticulate hybrid polymeric materials has been 

carried out varying only the type of lignin.  

Preparation of the multifunctional polymer composites 

The preparation method of the multifunctional nanomaterials containing the 

three macromolecules was as follows: 0.16 g of methylcellulose (Sigma-Aldrich) 

was dissolved in deionized water (200 ml) at 60 °C for 60 min After cooling 

down to room temperature, 1 g of lignin biopolymer (Sigma-Aldrich), with a 
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variable content of sulfonic groups in its composition (see Table 2.2), 0.25 g of 

pyrrole monomer (Sigma-Aldrich) and 0.5 g of FeCl3 (Sigma-Aldrich) as catalyst 

were added progressively. Then, the mixture was stirred for 1 h. The solution 

turned out black immediately, so as a sign that the polymerization started and 

then after a few minutes a black solid precipitate to the bottom of the reaction 

flask. Subsequently, the solid was separated from the solution by centrifugation. 

After that, the solid was washed with deionized water and centrifuged again. 

This process was repeated up to three times. Next, the solid was freeze-dried 

overnight and stored in the fridge at 2 °C until use. The terminology to designate 

the polymer composite samples was the following: MPLX, where M, P, and L 

mean methylcellulose, polypyrrole, and lignin, respectively, and X indicates the 

content of sulphonic groups in lignin estimated from elemental analysis of sulfur. 

So, X is designated as L when the amount of elemental sulfur in lignin is 1.6 

wt.%, M means medium and corresponds to a content of 3.7 wt.% and H are 

used to denote the lignin with the higher sulfur content which is 4.9 wt.% (Table 

2.1). The composites containing either polypyrrole-lignin or a methylcellulose-

polypyrrole couple are denoted PLX and MP, respectively.  

Table 2.1. Materials nomenclature 

M P LL LM LH 

Methylcellulose Polypyrrole 
Sulfur in lignin 

1.6 wt.% 
Sulfur in lignin 

3.7 wt.% 
Sulfur in lignin 

4.9 wt.% 

Table 2.2 presents the conditions of the different synthesis carried out using the 

different types of lignin and incorporating or not the cellulose to make the 

possible evaluation of the influence of both compounds in the final material. In 

addition, another polymer synthesis has been performed to see the effect of the 

presence or absence of lignin on the morphology of the polymer. The synthesis 

method is the same as the one detailed above, but without incorporating lignin 

and adding pyrrole to the aqueous solution of cellulose at room temperature. 
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Table 2.2. Synthesis conditions 

 
H2O Des. 

(ml) 

MC 

(g) 

Lignin 

(g) 

Pyrrole 

(g) 

FeCl3 

(g) 

MP 200 0.16 - 0.248 0.5 

MPLL 200 0.16 1 0.248 0.5 

PLL 200 - 1 0.248 0.5 

MPLM 200 0.16 1 0.248 0.5 

PLM 200 - 1 0.248 0.5 

MPLH 200 0.16 1 0.248 0.5 

PLH 200 - 1 0.248 0.5 

Experimental techniques 

• Physico-chemical properties 

Electron microscopy 

The morphology and dimensions of the synthesized polymer composite 

materials were studied by using electron microscopy: scanning (SEM) and 

transmission (TEM). A high-resolution scanning electron microscopy (HRSEM) 

in a Hitachi S-8000 model with field emission filament and a voltage of 1.0 kV.  

For TEM studies, the polymer composite materials were ultrasonically dispersed 

in water. A few drops of the resulting suspension were deposited in a carbon-

coated grid. TEM and high-angle annular dark-field imaging (HAADF) in 

Scanning Transmission Electron Microscopy (STEM) mode experiments were 

performed with a JEOL JEM 3000F microscope operating at 300 kV (double tilt 

(±20°) (point resolution 0.17 nm in TEM mode and 0.14 nm in STEM mode)), 

fitted with an X-ray energy dispersive spectroscopy (XEDS) microanalysis 

system (OXFORD INCA). The atomic ratio of the metals has been determined 

by XEDS. XEDS-mappings were recorded in ADF-STEM mode using the Kα1 
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lines of the elements with 256×256 pixel resolution accumulated over at least 1 

h to ensure good statistics.  

Physical gas adsorption 

The textural properties of the polymer composites such as pore size, specific 

surface area, and pore volume were initially studied by using N2 gas adsorption 

at 77 K. This method is ideal for porous samples with a pore size in the range of 

0.7-2 nm. However, is evidenced very low N2 adsorption values, close to the 

instrumental detection limit, for all the polymer composite samples, most 

probably due to the presence of an average pore size smaller than 1 nm. Then, 

it was applied CO2 gas adsorption at 273 K because this molecule exhibits a 

smaller hydrodynamic radius and lower adsorption temperature than N2 

facilitating the diffusion of the gas molecules at the surface. Both N2 and CO2 

gas adsorption measurements were carried out by using Autosorb equipment 

(Quantachrome). The amount of sample used for each analysis was 

approximately 100 mg. The samples were degassed previously under vacuum 

for 12 h before to start the gas adsorption isotherm. The measurements were 

performed at 273.15 K by applying a saturation pressure of CO2 of 26142 torr. 

The relative pressures range for the adsorption was between 4.51·10-4 and 

2.90·10-2 torr. The specific micropore surface area, average pore size, and 

micropore volume, were determined from the adsorption data using the 

Dubinin–Radushkevich and Stoeckli equations [18]. 

Ultraviolet-Visible (UV-Vis) spectroscopy 

These spectroscopic measurements were carried out in a quartz cuvette 

(optical path length of 10 mm) containing 0.1 g·l-1 of the polymer composite, Lig-

HS, and MP in water solution. The electronic processes were monitored by 

using a Perkin Elmer model Lambda 35 spectrophotometer over the range 200-

700 nm spectrum region.  

Elemental analysis 

The content of C, H, S, and N in the polymer samples (5 mg) was determined 

by combustion in a LECO CHNS-932 thermal analyzer.  
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Dynamic Light Scattering (DLS) and zeta potential 

The average particle size and surface charge of the polymer composite 

materials were measured by DLS using a Malvern Nanosizer NanoZS 

Instrument equipped with a 4 mW He-Ne laser (λ = 633 nm) at a scattering 

angle of 173°. Different samples were measured in square polystyrene cuvettes 

(Sarstedt®) at 25 °C. The autocorrelation function was converted in an intensity 

particle size distribution with ZetaSizer Software 7.10 version, based on the 

Stokes-Einstein equation. The zeta potential was quantified by laser Doppler 

electrophoresis (LDE) using polymer composite suspension with a 

concentration ranging between0.1 and 0.001 g·l-1. The zeta potentials were 

automatically calculated from the electrophoretic mobility using the 

Smoluchowski’s approximation. For each sample, the statistical average and 

standard deviation of data were calculated from 8 measurements of 20 runs 

each one. 

The polymer composite samples were homogenized with a bath sonicator for 40 

min to allow a good dispersion without damaging the polymer materials. A tip 

ultrasound probe (Branson Model 250) delivering pulses of 20.000 kHz at 35 % 

of its nominal power (350 W) was subsequently applied. The duration of each 

pulse was 5 and 10 min. Each pulse lasts 0.1s and is followed by a rest time of 

0.1 s. 

Acid-base properties determination by titration experiments 

Samples with a concentration of 1 g·l-1 of MPLH, MP, Lig-H were studied with 

potentiometric evaluation by using a pH meter (Schott instruments, model 

Handylab pH 11) using different solutions; acid solutions of 0.1 M and 0.5 M 

HCl and on the other hand, two basic solutions of 0.1 M and 2 M NaOH. The pH 

meter was calibrated with buffer solutions of pH 4, 7 and 10. The potentiometric 

curves were obtained by measuring the change in pH after each addition of 

base and acid solution, respectively; the additions were made slowly with 

continuous stirring. 
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• Electrochemical properties 

Preparation of polymer composite films for electrochemical tests  

2.5 ml PLH or MPLH suspension was drop-casted onto freshly polished (0.3-

micron alumina) gold-disc electrodes (Bio-Logic, A-002421 AUE Gold electrode 

(OD: 6 mm – ID: 3.0mm)) and the suspensions were allowed to dry over-night in 

ambient air. The PLH and MPLH layers were then characterized 

electrochemically in 1M NaClaq buffered with 10 mM Na2HPO4 and 10 mM 

H3BO3 electrolyte to pH 4.3 and purged with N2 for 20 min. The electrolyte was 

kept under a N2 atmosphere throughout the measurement. A Pt wire (Bio-Logic, 

A-002234 Platinum counter electrode coiled, wire diameter 0.5 mm) immersed 

directly into the electrolyte solution was used as a counter electrode and an 

Ag/AgCl 3M NaCl (Bio-Logic, A-012167 RE-1B Reference Electrode) was used 

as the reference electrode. A CHI660 potentiostat was used for all 

measurements. All electrodes were then characterized by cyclic voltammetry 

between -0.5 and 0.6 V at various scan rates. The quinone peak potentials were 

evaluated both for the oxidation (EpOx) and for the reduction (EpRed) peak by 

subtracting a linear base-line and fitting the peak to a Gaussian function. The 

average of the oxidation and reduction peak potential was taken as the quinone 

formal potential and the evaluated formal potential as a function of scan rate 

together with the peak potentials. The formal potential (𝐸𝑜
′ ) for the different 

samples was derived by averaging the evaluated formal potentials at different 

scan rates. The dependence of the peak current with scan rate was investigated 

by determining the current at (EpOx) and (EpRed), respectively.  

Quinone and polypyrrole (PPy) estimation in the thin film polymer 

composite electrodes 

The total capacity was evaluated by integrating the anodic and cathodic sweeps 

at the lowest scan rate (0.01 V.s-1). Capacity originating from PPy was 

evaluated by subtracting the quinone capacity from the total capacity. Then, that 

value was multiplied by the weight percentage of PPy in the polymer composite 

estimated from the elemental analysis of nitrogen.  
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Electrochemical tests of the polymer composite suspensions 

Electrochemistry studies of the polymer suspensions were performed by using a 

three-electrode configuration with Ag/AgCl as a reference and platinum wire as 

a counter electrode and different working electrodes according to their surface 

area: glassy carbon, glassy carbon ROD, microcavity, and graphite felt (Figure 

2.3). The graphite felt was thermally treated at 500 °C for 12 h before use. The 

three-electrode configuration cells were cycled in a VMP-300 multichannel 

potentiostat/galvanostat (Bio-Logic). The aqueous based-suspension was 

purged with N2 gas for 20 min before measuring. The suspensions were titrated 

with dilute H2SO4 to the desired pH value at 25 °C. For the series of 

measurements performed with CO2 gas, a flow of 80 ml·min-1 (PCO2 = 1 atm and 

Tª = 25 °C) was passed through a volume of 20 ml containing a suspension of 

nanoparticles dispersed in deionized water with a concentration of 1 g·l-1 for 20 

min. Then, the pH was adjusted following the same titration procedure as for the 

aqueous suspensions without CO2. 

 

Figure 2.3. Working electrodes used and electrode area 

Results and discussion 

For the sake of comprehensiveness, the first part of the results and discussion 

section shows a complete study of the preparation conditions of the new 

nanoparticles together with their physical and chemical characterization both in 

solid state and in aqueous media. The second part of the Chapter comprises 
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the electrochemical analysis of those nanoparticle composite materials showing 

the highest dispersion in water. 

Physical and chemical characterization 

The chemical composition of each compound is important in the structure and 

morphology of the polymeric hybrids, and therefore in their electrochemical 

properties. 

Firstly, an elemental analysis characterization of the macromolecules to be 

used for the synthesis of the polymers was carried out in order to evaluate the 

effect of the different types of lignin and the presence or absence of cellulose. In 

the characterization, the percentage of sulfonic groups that each type of lignin 

can be observed (Table 2.3). 

Table 2.3. Elemental analysis of the components that comprise the material 

 LL LM LH PPy M-Celullose 

C (%) 61.6 47.2 40.3 55.6 47.7 

H (%) 5.7 4.7 4.6 4.2 7.2 

N (%) 0.6 0.1 0 17 0 

S (%) 1.6 3.7 4.9 0.1 0.1 

Elemental analysis of the different polymers synthesized was subsequently 

carried out in order to gain a better understanding of their properties (Table 2.4). 

The Ppy content, deduced from the elemental analysis of nitrogen, was found to 

be directly related to the elemental sulfur of the sulfonic groups in the lignin 

biopolymer. The estimated amount of Ppy within the MPLX series shown the 

tendency: MPLH (19.8 wt.%) > MPLM (11.1 wt.%) > MPLL (5.8 wt.%). From this 

trend, it was deduced that the interactions between the positive charges in the 

five-member ring of the pyrrole monomer and the negative charges from the 

sulphonic anions anchored in the lignin chains might govern a highly efficient 

assembling between both networks during the polymerization reaction. Besides, 



       Section I 

101 

it was reported that sulfonate moiety solubilizes organic substances in aqueous 

solutions, which might also enable the incorporation of the Ppy polymer in the 

composite host [19]. Regarding the role of cellulose in the chemical composition 

of the polymer, MPLH composite shown higher nitrogen content than in PLH 

(16.9 wt.% Ppy) where cellulose was absent.  

Table 2.4. Elemental analysis of the polymer composite studied in this Chapter 

 MPLL PLL MPLM PLM MPLH PLH MP 

C (%) 64.6 63.6 56.7 57.5 54.5 53.9 59.1 

H (%) 5.8 5.7 5.5 5.2 5.4 5.3 4.4 

N (%) 1.2 1.7 3.1 2.9 4.1 3.5 15.2 

S (%) 1.2 1.1 2.5 3.1 3.7 3.5 0.3 

Figure 2.4 shows the TEM images of the polymer composites studied in this 

Chapter. The polymer materials are a series of composites containing either two 

or three macromolecules. These materials largely comprise individual particles 

exhibiting spherical morphology with a size ranging between 200 nm for 

polymers made of methyl-cellulose and polypyrrole (MP, Figure 2.4D) to 20 nm 

diameter for those materials containing methylcellulose, polypyrrole and highly 

sulfonated lignin biopolymer (MPLH, Figure 2.4C). The latter composites have a 

distinctive hierarchical structure with individual polymer nanoparticles 

assembled in strands or chains such as necklace beads (Figures 2.4C.1 and 

2.4C.2). Interestingly, when lignin was present, the size of each polymer 

nanoparticle comprising the strands was one order of magnitude smaller than in 

MP materials containing two components. Figure 2.4A shows the MPLM 

sample, where it can be seen how the samples with a low sulfonation of the 

lignin tend to agglomerate. This agglomeration may be a result of the lower 

stabilization in the nanohybrid as a consequence of the few sulfonic groups 

present to stabilize the pyrrole.  
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The presence of cellulose appears to be essential in all the genesis of each 

nanoparticle and their assembling along the polymer strand. Cellulose might be 

acting as a substrate during the initial growth of the conjugated polymer nuclei, 

favouring the incorporation of the pyrrole and their subsequent polymerization 

into the nanoparticle´s network [20]. The cellulose was probably also a binding 

agent favouring the connectivity of each nanoparticle along the chains. Besides, 

cellulose has an impact on the particle aggregation; its absence provokes the 

loss the sphericity of the nanoparticles as it was observed for those samples 

made of polypyrrole and highly sulphonated lignin (PLH, Figure 2.4B) 
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Figure 2.4. Transmission electron microscopy images of the different 

particulate polymer composite materials: A) MPLM, B) PLH, C) MPLH and D) 

MP. A2, B2, C2 and D2 refer to the zoomed area´s from A1, B1, C1 and D1, 

respectively 

To reveal the spatial distribution of each macromolecule in the composite 

material, energy dispersive X-ray spectroscopy (XEDS) of nitrogen, sulfur and 

carbon elements was performed during ADF-STEM mode work in the 
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transmission electron microscope. Figure 2.5 shows a homogeneous 

distribution of the three components along with the nanoparticles that form the 

chain confirming that the three macromolecules networks were homogeneously 

interpenetrated in MLPH composite. The analysis of the distribution of sulfur 

and nitrogen in the PLH composite also confirmed the homogeneous 

distribution of polypyrrole and lignin in the nanoparticles of the chains (not 

shown). 

 

Figure 2.5. ADF-STEM image of MPLH and EDX maps showing the chemical 

distribution of the different elements (C-red, N-green, S-blue) within the 

structure of the nanohybrid 

A shift of the absorption band corresponding to the π-π* transition from 280 nm 

to 286 nm was also evidenced by UV-vis spectroscopy (Figure 2.6) in the lignin 

biopolymer and MPLH, respectively. This fact confirms the enhancement of π-π 

interactions between lignin chains in the composite due to the close chemical 

and electronic coupling at the nanoscale among the different constituents of the 

metal-free polymer system [21]. 
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Figure 2.6. UV-vis characterization of the lignin biopolymer (LigHS) and the 

polymer composite suspensions (0.1 g·l-1) containing with (MPLH) and without 

lignin (MP), respectively. The UV-vis spectrum of the deionized water (DIH2O) is 

also added as comparison 

The development of low-cost multifunctional electrode materials will require the 

precise control of their textural properties. This fact will facilitate the molecular 

contact of the particle surface and chemical species such as water, carbon 

dioxide, oxygen, hydrogen or electrolyte´s ions. Thereby enabling facile catalytic 

and electrochemical reactions rather than relying on reactions on the limited 

solid surfaces and interphases. Figure 2.7 shows a comparison between the 

gas adsorption isotherms for a series of polymer composites. The isotherms 

clearly show the impact of the polymer composition on the gas up-take capacity 

of the composite material, and as expected, a trend is observed regarding the 

volume of the adsorbed gas, the pore size and the surface area (Table 2.5). For 

example, the hybridization of the methylcellulose with the conjugated polymer 

increases the pore size from 0.69 nm to 0.77 nm.  
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Figure 2.7. CO2 gas adsorption isotherms for the polymer material systems 

studied in this work 

Table 2.5 shows the values of the different textural parameters calculated from 

the CO2 adsorption isotherms. The presence of sulphonic groups in the lignin 

biopolymer has a strong impact on the gas adsorption and textural properties of 

the MPLX composites series observing a gradual increase on the surface area 

as the content increases. 

Table 2.5. Textural parameters of the series of polymer hybrids studied  

 MPLL MPLM MPLH PLH MP Ppy 

Average pore size (nm) 0.99 0.91 0.85 0.99 0.77 0.69 

Micropore 106olumen 
(cc·g-1) 

0.03 0.05 0.05 0.03 0.06 0.08 

Surface area (m2·g-1) 105 145 151 83 187 231 
 

Moreover, there was a clear relation between the sulphonic content and the 

final morphology of the composites as it is shown in Figure 2.8, in comparison 

with the Ppy and MP materials. Noticeable differences such as nanoparticle 
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aggregation, porosity and particle´s sphericity between the composites with 

three components (MPLM and MPLL) and those without cellulose (PLM and 

PLL) depending on the content of sulfonic groups in the lignin were also 

observed by electron scanning microscopy. 

 

Figure 2.8. Scanning electron microcopy images of the polymer composite 

samples A) MPLM, B) MPLL, C) PLM and D) PLL 

Figures 2.9 shows the impact of the chemical composition of the polymer 

materials on the particle size distribution determined by dynamic light scattering 

(DLS). As can be seen, the aggregate size distributions of each polymer 

composite show similar average values (~ 500 nm) in water after sonication for 

15 min. The MPLH composite shows improved long-term stability in water than 

the PLH sample that precipitated after a few minutes, corroborating the high 

influence of the cellulose polymer in the stability of the composite suspensions. 

In addition, the polymer composites enclosing lignin with medium and low 

content of sulphonic groups exhibited higher aggregate size than those 

composites containing highly sulfonated lignin (Figure 2.9 C and D) 
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Figure 2.9. Characterization by dynamic light scattering (DLS) of the polymer 

composite suspensions containing A) MPLH and B) PLH. MPLH, MPLM, MPLL 

polymer suspensions with a concentration of C) 0.1g·l-1 and D) 0.01 g·l-1 

Figure 2.10 shows the values of zeta potential for the series of polymeric 

samples at different concentrations in water. The Ppy and MP suspensions 

exhibited positive values of zeta potential, while those samples containing lignin 

were in the negative zone. This fact might be due to a higher impact of the 

negative charges of sulfonic groups than the positive from the pyrrole monomer 

on the overall surface. In fact, as the content of Ppy augments, the zeta 

potential value also increases towards more positive values balancing the total 

charge. This fact makes the MPLH values higher than those of MPLM and 

MPLL. It is observed that as the concentration increases the values become 

more positive, due to increased interactions in the material resulting in less 

exposed surface area. 
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Figure 2.10. A) Correlation between the zeta potential values and the 

concentration of polymeric materials suspended in deionized water; B) zeta 

potential values at the same concentration (2 g·l-1) and bath sonicated for 5 min 

Figure 2.11 shows the correlation between the ionization constant (pK) and the 

zeta potential values at different pH for an MPLH polymer suspension. A pH 

region with two pK´s constants (pK ≈ 1.5 and 9) was found in agreement with 

the change of zeta potential observed at acidic and basic pH. A 1 g·l-1 

suspension of MPLH particles dispersed in deionized water is negatively 

charged, with a zeta potential value close to -30 mV and a pH value of 

approximately 4. In the pH range comprising the two ionization constants, this 

suspension preserves its stability even if a tiny amount of acid/base can easily 

change its pH. So, there was not a correlation between the acid-base 

properties, the zeta potential values and the permanence in the suspension of 

the MPLH composite particles. Out of this range, the polymer particles 

progressively lose their stability and do not remain in suspension. Therefore, the 

precipitation of the polymer composite particles in aqueous media might be due 

to the hydrolysis and oxidation of the methylcellulose polymer at low and high 

pH values, respectively. 

In addition, cellulose has shown a negligible influence on the pH and the zeta 

potential values (Figure 2.11 B and C). So, the acid-base character and the 

charge surface values of the particles must be mainly governed by the 

synergistic combination of the physical and chemical properties at the 
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nanoscale of the Ppy and lignin macromolecules, being this interaction also 

mediated by the presence of the cellulose.  

 

Figure 2.11. A) Correlation between the acid-base properties measured by 

titration and the zeta potential values for MPLH material. B) Acid-base titration 

curves of lignin biopolymer (Lig-HS) and C) methylcellulose-polypyrrole (MP) 

composite materials 

After previous characterization studies of our batch of materials, MPLH and 

PLH are finally chosen as the optimal candidates for the intended application.  

Electrochemical analysis 

The material has been studied by using two different electrochemical 

techniques, on the one hand, cyclic voltammetry, which provides qualitative 

information on the different redox processes and the reversibility of the redox 

reaction; and on the other hand, galvanostatic methods in which the material is 

subjected to reduction and oxidation cycles at constant current. Both techniques 
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have been performed at 23 °C and atmospheric pressure in a multichannel 

potentiostat/galvanostat. 

In the electrochemical characterization, several parameters have been 

considered to obtain the suitable system for its characterization. On the one 

hand, solid measurements of the material have been carried out. It has been 

studied in solution varying parameters such as polymer concentration, working 

electrode, presence of salts, inorganic buffer medium, different acid 

concentrations and the effect of pH. 

The electrochemistry of thin film polymer composite electrodes was studied in 

order to estimate the content of redox active quinone units in the polymer. 

Because MPLH and PLH composite materials show the highest amount of PPy 

in their composition they were chosen as the most suitable candidates. Figure 

2.12 shows the voltammetric curves for an MPLH sample with current values 

normalized by the scan rates. The peak at 0.55 V vs Ag/AgCl is assigned to the 

lignin biopolymer as the potential agrees well with previously reported formal 

potentials of lignin. The capacitive response in the region -0.2 and -0.2 V vs 

Ag/AgCl is ascribed to the doping of the PPy component of the composite. As 

typical for PPy electrochemistry there is a doping on-set around -0.4 V vs 

Ag/AgCl [22].  
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Figure 2.12. A) Cyclic voltammetry of a thin-layer of MPLH electrode showing 

the current normalized at different scan rates. Inset: log (Absolute peak 

currents) as a function of log (scan rate) of oxidation (black curve) and reduction 

(red curve) process of MPLH. MPLH layers were then characterized 

electrochemically in 1 M NaClaq buffered with 10 mM Na2HPO4 and 10 mM 

H3BO3 to pH 4,3 and purged with N2 for 20 min. B) Evaluated peak potentials 

and formal potentials at various scan rates for MPLH composite. C) 

Voltammetric response for the PLH sample at various scan rates (V s-1) with 

currents normalized to the scan rate. Inset: Log (Absolute peak currents) as 

function of Log (Scan rate) for PLH. D) Upper curve (black) = oxidation, lower 

curve (red) = reduction process. evaluated peak potentials and formal potentials 

at various scan rates for PLH 

The dependence of both, oxidation, and reduction absolute peaks current with 

scan rate for MPLH and PLH electrodes are displayed in the inset plot in Figure 

2.12. The corresponding slopes are between 0.7 and 0.8. Similar dependence 

on both oxidation and reduction peaks and slope values were found for the PLH 

sample. The integration of the lignin peak, after subtraction of a linear base-line, 
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indicates a lower capacity for PLH than for the MPLH electrode (Table 2.6). For 

MPLH a quinone capacity of 1.62·10-5 C corresponding to 1.68·10-10 mol 

charges was evidenced. This value is higher compared to the corresponding 

quinone capacity in PLH which was evaluated to 5.33·10-6 C corresponding to 

5.52·10-11 mol charges per 2.5 ml suspension used in the preparation of the 

thin-film electrodes. The remaining charge was assigned to PPy and was 

evaluated to 350 C·g-1 in PHL, a value more than twice the value found for the 

highly-water dispersible MPLH composite material of 157 C·g-1. 

Table 2.6. Shows the values for the quinone and PPy concentration values 

inferred from electrochemical measurements. *The meaning of C is coulombs 

 

Quinone 
Capacity 

 (C*) 

Quinone 
Concentration 

(M) 

PPy 
Capacity 

 (C*) 

PPy Capacity 

 (C·g-1) 

MPLH 1.62·10-5 3.36·10-5 7.8·10-5 158 

PLH 5.33·10-6 1.10·10-5 1.4·10-4 350 

Figure 2.13A shows the cyclic voltammograms (CVs) for a suspension of the 

MPLH composite particles in an aqueous solution at different pH values. The 

voltammograms exhibit one principal redox peak over the pH range 0.8-3.7 

corresponding to the reversible electrochemical transformation of the 

hydroquinone into quinone moieties in lignin biopolymer as it is shown in 

Scheme 2.2. Figure 2.13B shows the electrochemistry for the MPLH 

nanoparticles suspended in an aqueous acidic media saturated with CO2 gas. 

Interestingly, the CV´s show two electrochemical processes, both occurring at 

positive potential vs Ag/AgCl as a reference electrode. A couple of redox peaks 

at higher potential, Process I, corresponds to the above-mentioned redox 

reaction of the catechol units in lignin; the another at a lower potential, Process 

II, has been assigned to other catechol units with more oxygen groups coming 

from methoxy groups or neighboring C9-O- group directly connected to the 

phenyl ring [16]. Because of the strong electron-donating effect of the oxygen 

atoms, a significant lower redox potential value than for Process I were 
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observed. The consideration and subsequent discarding of other possible 

causes for the three redox stages support this proposition.  

 

Figure 2.13. Electrochemical characterization of the polymer composites 

suspensions by using a three-electrode cell configuration. Cyclic 

voltammograms in an aqueous acidic media A) without and B) with CO2 of the 

MPLH polymer composite suspensions 

For instance, the possible generation of hydrogen gas by the reduction of 

protons to molecular hydrogen at the surface of the working electrode has been 

studied. For this purpose, an electrochemical reduction at a constant current of 

an aqueous suspension (pH ~ 1) of MPLH material (1 g·l-1) has been performed 

in an electrolyzer cell comprising three compartments separated each of them 

by a Nafion® 117 membranes (Figure 2.14). Because it is well known that Pt is 

an excellent catalyst for the H2 evolution reaction, the use of this experimental 

setup prevented the dissolution, migration, and deposition of Pt nanoparticles 

from the counter electrode to the surface of the working electrode as well as the 

interference of the H2 gas, sometimes visible even by the naked eye, produced 

also by Pt. After cycling during > 7 h at 0.25 mA, the solid polymer 

nanoparticles were decanted, and the liquid supernatant phase analyzed by 

liquid proton NMR in an air-free tube [23]. 
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Figure 2.14. A) Galvanostatic study of a suspension of MPLH with a 

concentration of 1 g·l-1 in an aqueous media with CO2 in an electrolyzer cell 

comprising three compartments separated each of them by a Nafion® 117 

membrane. B) Galvanostatic reduction and oxidation cycles at different 

conditions 

The absence in the spectra of the resonance corresponding to molecular 

hydrogen confirmed that Process II is not due to a reversible hydrogen reaction 

formation (Figure 2.15). This result was expected, as the thermodynamic 

potential for hydrogen evolution is much lower than the experimental one 

observed here under similar acidic conditions [23]. Moreover, the potential for 

H2 formation has also been evidenced by CV by opening the potential window 
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progressively while cycling an MPLH suspension (Figure 2.16). Therefore, the 

reorganization of the interpenetrated polymer network in the presence of CO2 is 

considered as the most plausible reason to explain the amplification of Process 

II. 

 

Figure 2.15. 1H-NMR spectrum of a MPLH suspension (1 g·l-1; 5 ml) in D2O 

solvent reduced at 0.25 mA for > 7 h. After cycling, the solid polymer 

nanoparticles were decanted, and the liquid supernatant phase analyzed by 

liquid proton NMR in an air free tube (upper plot). The spectrum of D2O solvent 

containing H2 gas is also shown as a comparison (bottom plot) 

The presence of CO2 also led enhancement of the absolute magnitudes of the 

anodic and cathodic current peak-heights of the Process I in the MPLH 

composite (Figure 2.17). 
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Figure 2.16. Potential window opening study with A) and without CO2 B). In 

both with and without CO2 when the potential window is opened, the formation 

of hydrogen begins to be observed 

 

Figure 2.17. Effect of the presence of CO2 on the electrochemistry of the 

polymer nanoparticle suspension at different pH. The pH value is in bold 
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Moreover, when lignin is nanoconfined into the MPLH´s particle an anomalous 

pH-dependence of the equilibrium potential for the Process I was found as it is 

shown in Figure 2.4C. Two well-defined regions exhibiting two different slopes 

values were evidenced independently of whether CO2 was present or not. The 

slope value of the equilibrium potential achieves a value of - 4 mV·pH-1 in the 

pH range between 1.2 and 3.5 in the presence of CO2. This value, closer to 

zero, might indicate that both oxidized and reduced chemical forms in lignin are 

fully deprotonated or that the local pH at the surface of the polymer composite 

might be buffered due to the presence of dissolved CO2. For Process II 

occurring in the MPLH particles, the electrochemistry with CO2 shows a linear 

pH dependence. For the non-confined lignin biopolymer, the equilibrium 

potential of the Process I is pH-dependent under the presence of CO2 in the 

whole range of pH (Figure 2.18). In fact, the average slope of the equilibrium 

redox potential versus pH over the pH range 0.5–4.6 is − 49 mV·pH−1 unit, 

which is close to the value of −59 mV·pH−1 expected from a two-electron, two-

proton process. The linear fit to the data between pH 0.9-3.5 for the Process II 

revealed a slope value of -98 mV·pH-1. Moreover, the anodic and cathodic 

intensity of the peaks corresponding to the restructured lignin moieties follows a 

linear dependency with the pH as it is shown in Figure 2.18B. Remarkably, the 

presence of carbon dioxide, a widely available greenhouse emission gas, 

boosted the second process reaction by 500 % at a pH value of 0.8. 

 

Figure 2.18. A) The Purbaix diagram of MPLH water-based suspensions with 

and without CO2. B) Anodic and cathodic currents for the reversible 
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transformation of protons to hydrogen. (Pt wire was used as a counter electrode 

and Ag/AgCl as a reference electrode; Scan rate = 10 mV·s-1) 

The same recharge experiment was performed for a solid MPLH composite 

electrode with and without CO2 and there was no evidence of an additional 

redox step other than the reversible oxidation/reduction of the quinone groups 

on the lignin (Figure 2.19). The occurrence of three redox stages corresponding 

to the presence of two waves was only observed when the polymer 

nanoparticles were in suspension. The main reason behind this behavior might 

be due to the relatively larger sample volume of the particles in suspension than 

in the solid electrode set-up. Effectively this means that electrochemical 

conversion might be only related to a thin layer close to the polymer surface, 

which is in good agreement with the abovementioned result. In suspension, 

those nanoparticles that is in contact with the surface of the electrode are being 

constantly replaced by fresh material that was converted during cycling. Under 

these operation conditions, the system works at higher conversion enlightening 

a distinct cost-effectively approach for electrochemical charge storage. 
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Figure 2.19. Electrochemical characterization of the polymer composites 

suspensions by using a three-electrode cell configuration (Pt wire was used as 

a counter electrode and Ag/AgCl as reference electrode and graphite felt as 

work electrode). Cyclic voltammograms in an aqueous acidic media with CO2 A) 

of the Lig-H suspensions B) of PM suspension C) of PLH suspension. D) 

Electrochemical characterization of nanoparticles using three electrodes 

configuration, with MPLH solid electrode. In aqueous medium under different 

conditions, presence of CO2 and acidic medium 

Figure 2.20 shows the proposed mechanism’s sequence to explain the 

electrochemical behavior observed in the polymer composite nanoparticles with 

and without the presence of CO2 gas at different pH values. As stated above, 

the electrochemical processes occur most probably at the surface. Then, when 

the MPLH nanoparticles are placed in deionized water, the pH value is close to 

4 and the surface charge value is -30 mV. These values are mainly produced by 

the presence of hydrated sulfonic groups on the surface of the particle. At this 

point, it hardly observes any redox process due to the slow kinetics of the 
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reaction provoked by the deficiency of protons (Figure 2.20A). When the 

suspension is acidified the Process I, corresponding to the reversible 

oxidation/reduction reaction of the catechol groups (the predominant couple) in 

lignin emerge. Also, the value of the zeta potential increases becoming more 

positive. This change in the average value of the charge at the surface 

provokes that part of the sulphonic groups initially doping the polypyrrole, now 

tend to face the nanoparticle´s surface, interacting electrostatically with the 

protons and water molecules from the solution. Under these conditions a spatial 

alteration of the interpenetrated polymer network might occur (Figure 2.20B). 

When the CO2 is added, noticeable changes are reflected in the CV such as the 

appearance of the Process II coexisting with the Process I. This situation might 

be favoring the structural rearrangement of the interacting macromolecules 

along the interpenetrated network [24]. For example, the polypyrrole may act as 

an electrophile interacting with the bicarbonate anion forming a stable adduct, 

then changing their physical and chemical interrelation with the biopolymers 

(Figure 2.20C) [25].  

Therefore, here CO2 is not electro reduced and is simply acting as a precursor 

of the species formed after hydration (carbonic acid, bicarbonate anion) [26]. It 

cannot be ruled out also the possible formation of a carbonate between the CO2 

molecule and the semiquinone that can be protonated at low pH and appear or 

consume protons also promoting the rearrangement of the interpenetrated 

polymeric network [27]. 
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Figure 2.20. The proposed mechanism to explain the presence of three redox 

stages in the polymer composite nanomaterial in the presence of CO2 

Conclusions 

In this Chapter, a new sustainable multifunctional nanomaterial has been 

designed that uses CO2 as a useful resource to reversibly store electricity. The 

novel material is a hierarchically structured polymer composite that is made of 

inexpensive and environmentally friendly macromolecules such as 

methylcellulose, which assisted the creation of the nanoparticles during the 

colloidal polymerization and endorsed long-time stability to the polymer active 

suspensions in water. From cyclic voltammetry measurements, two main 

reversible processes were observed corresponding to the redox reaction of the 

lignin biopolymer. The process at the lower potential is enhanced by up to 500 

% by the presence of carbon dioxide. The novel properties might be originated 

from an intimate chemical and electronic connection at the nanoscale among 
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the different components of the polymer composite and the structural 

rearrangement of the lignin biopolymer by the incorporation of CO2.  

This creative strategy envies multiple advantages such as the utilization of low-

cost raw matters and sustainable pathways for designing advanced 

multifunctional materials; the application of greenhouse gases such as CO2 to 

promote chemical reactions by the same active multifunctional nanostructured 

material dispersed in water. The proposed metal-free polymer composite–CO2 

system could potentially serve as a new CO2 utilization technology in the time of 

pursuing sustainable energy and environmentally friendly systems for the future. 

The new low-cost advanced functional nanomaterial offers the opportunity to 

address two main energy and environmental challenges: global warming and 

polluting atmosphere from greenhouse gas emissions and the generation of 

electricity along with energy storage from renewable sources. 
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Highly-water dispersible ferrocene-containing block copolymer nanoparticles 

have been developed as size-exclusion electrolytes showing a high capacity to 

store charges electrochemically. Besides, the scalable redox polymer 

electrolyte nanoparticles offer the opportunity to address two main energy and 

environmental challenges: global warming and polluting atmosphere from 

greenhouse gas emissions and the energy storage from renewable sources. 
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Abstract 

Size-exclusion polymer electrolytes are promising charge carriers to diminish 

the crossover and allowing commercially available low-cost porous membranes 

in redox-flow batteries (RFBs). Boosting the solubility in water and maximizing 

the number of redox sites to enhance the capacity of these polymeric systems 

is challenging. New highly-water dispersed amphiphilic diblock copolymers are 

reported here, with an average concentration value of 1.7·10-3 mmol of 

Ferrocene (Fc) linked moieties per mg of polymer, determined by Total X-ray 

Reflection Fluorescence. These redox amphiphilic block copolymers are 

stabilized in water as spherical nanoparticles (20 nm) by using a simple phase 

solvent inversion procedure. We evidence a maximum polymer dispersibility 

value of 6 g·l-1 in water, for long-term stable polymer nanoparticle suspensions, 

yielding a theoretical capacity value of 4.78 mA·h at 10.5 mM Fc. Further 

adjustment of the ionic conductivity and pH of these stable redox block 

copolymer suspensions has rendered a conductivity value of 44.5 mS·cm-1 at 

pH values close to a neutral one, by adding a variety of salt supports. Studies 

using a 3-electrode configuration cell reveal an efficient charge transport 

between each of the Fc motifs in the polymer nanoparticle. A capacity value of 

3.1 mA·h with no transient of the polymer nanoparticles crosswise the cheap 

porous membrane is evidenced when cycled as polycatholyte material in a Zn 

hybrid aqueous redox flow battery. The particle size and electronic changes of 

these novel amphiphilic redox block copolymer electrolytes during consecutive 

redox cycles have also been monitored by Dynamic Light Scattering and UV-vis 

spectroscopy, respectively. The analysis of the results enables the 

understanding of the main mechanisms behind their non-fully reversible 

capacity. Among them: aggregation and sedimentation, along with retention 

inside the graphite felt electrode acting the latter as a filter. These insights will 

aid the design of future polymer electrolyte materials and redox flow battery 

components with better performance and cost. 
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Scientific background and state of the art 

Replacing non-renewable energy sources with sustainable alternatives such as 

solar and wind energies is crucial for the ecological transition towards a safe, 

zero-carbon future [1-4]. Redox flow batteries (RFBs) show promise for large-

scale energy storage from these intermittent renewable sources [5]. Generally, 

RFBs are comprised of two electrolytes containing redox active compounds that 

are continuously pumped from two external tanks into an electrochemical cell 

where the electroactive species are oxidized or reduced swapping electrons 

through the external circuit. Ions migrate through an ion-selective polymer 

membrane to balance the charges. So far, the most studied and commercially 

extended RFB system has been based on vanadium chemistry [6] but it 

requires expensive membranes [7], and electrolytes that are also scarce and/or 

costly, and not particularly eco-friendly [8].  

These drawbacks might be reduced by using redox polymer electrolytes to 

diminish the material crossover between the poly(catholyte) and poly(anolyte) 

and allow commercially available low-cost porous membranes [9,10]. In 

addition, the use of aqueous solutions at neutral or close to neutral pH values 

containing inexpensive salts (i.e., NaCl) as supporting electrolyte makes safer 

these polymeric systems in comparison with the RFBs based on corrosive 

acidic/basic solutions or flammable organic solvents [11].  

The research has been increasingly focused on the development of novel 

organic-based polymeric architectures to boost properties such as polymer 

solubility, capacity and long-term cyclability of RFBs in both aqueous and 

organic media. The most studied redox moieties in these poly(analytes) are 

limited to a few derivatives of molecules such as quinone [12,13], viologen 

[14,15], TEMPO [15–17] and ferrocene [14,18,19]. Because of its reversible 

electrochemistry, harmless and low cost [20], Fc is particularly ideal in large-

scale energy storage applications. The main challenge in utilizing Fc in aqueous 

RFBs is their extreme hydrophobicity in the uncharged state. To further promote 

their water solubility, and then expand the energy density of the aqueous flow 

battery, a wide range of chemical modifications and copolymerization strategies 

have been developed. For instance, water solutions containing hydrophilic Fc 

as catholyte with concentration values up to 4 M have evidenced high capacity, 
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long-term stability, and fast charge transfer kinetics in symmetric aqueous RFBs 

[21,22]. However, using single Fc-based organic molecules as electrolyte 

material still needs expensive membranes in the RFB system. In addition, 

highly-water soluble amphiphilic block copolymers containing electrochemically 

active Fc groups are limited to biomedical applications such as drug delivery 

and gene therapy [22–25]. Moreover, in most cases, reversibility has been 

achieved chemically with an external chemical agent [26].  

To the best of our knowledge, only three scientific works [14,18,19] 

demonstrating the potential implementation of Fc-based polymers as charge 

carriers in RFBs have been published up to date. Rodriguez et al. [14] created 

highly reversible electrochemical and stable size-exclusion Fc-containing 

colloids with theoretical capacity values up to 1.34 mA·h at a polymer 

concentration of 10 mM in acetonitrile. The full access to the capacity of a 

symmetric colloidal polymer electrolyte RFB prototype, using a low-cost porous 

separator, was limited to 21 % of the theoretical one due to the low-loading and 

the observed sedimentation of the Fc-electrolyte in organic solvent. Another two 

articles show the creation of novel block copolymers exhibiting a concentration 

up to 6.49·10-4 mmol [19] and 1.2·10-3 mmol [18] of Fc moieties per mg of 

polymer, respectively. These Fc-based block copolymers rendered a maximum 

theoretical capacity of 7.83 mA·h and 35 mA·h, respectively. Although the Fc-

polymers works robustly as a poly(catholyte) in aqueous organic RFBs, the 

demonstration of a potential application as size-exclusion electrolyte material 

was not evidenced because of the use of costly and non-porous anionic 

polymer membranes in both publications. 

Here, the potential of Fc-containing amphiphilic block copolymer nanoparticles 

as size-exclusion charge carriers in aqueous redox flow systems is explored for 

the first time. For that, novel amphiphilic block copolymers by reversible 

addition-fragmentation chain transfer (RAFT) polymerization with a hydrophilic 

block, -poly (acrylic acid)- and other hydrophobic, -poly (4-vinylbenzyl chloride)- 

are prepared. Particularly interesting is to maximize the concentration of the 

redox-active units in the main chain of highly-water soluble polymers to increase 

the energy density of the RFB. For that, we first study the impact of the main 

parameters of the polymer synthesis and ion exchange conditions on the 
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number of available link-sites to redox units and the solubility of the block 

copolymers in water. Then, we performed a chemical substitution between the 

chlorine atoms in the lateral group of the hydrophobic unit and dimethyl 

aminomethyl ferrocene (DMAFc) molecules. The maximum concentration value 

of DMAFc groups linked to the main polymer chain was 1.7·10-3 mmol per mg of 

polymer, determined by Total X-ray Reflection Fluorescence (TXRF). These 

redox amphiphilic block copolymers are stabilized in water into spherical 

nanoparticles (20 nm) by using a simple phase solvent inversion procedure. 

The reactivity and charge capacity, long-term stability, ionic conductivity, and 

pH of block polymer nanoparticle suspensions at different concentrations of 

organic and inorganic salts are also studied. There is a trade-off between 

concentration of polymer nanoparticles and the inorganic/organic nature of the 

supporting salts and their amount affecting the ionic conductivity and pH values 

of the aqueous suspensions. The block copolymer nanoparticles exhibit a cyclic 

voltammogram in aqueous media characterized by two well-separated and 

reversible oxidation waves. This electrochemical behavior is consistent with 

interactions between the Fc units linked to the vinyl monomer along the main 

polymer chain [27]. Finally, charge storage properties and size-exclusion 

electrolyte´s assessment of the new polymeric materials are tested in a hybrid 

zinc flow battery.  

For the first time, block copolymer nanoparticles containing Fc with high-

dispersibility as size-exclusion electrolytes showing a high capacity to store 

charges electrochemically have been developed. Besides, in situ dynamic light 

scattering (DLS) and UV-Vis measurements have been performed to 

understand the variations in battery capacity, mainly originated by aggregation 

of the polymer nanoparticles and sedimentation while undergoing 

electrochemical process. In this way, the main factors affecting the proper 

functioning of size-exclusion polymer electrolyte nanoparticles in RFBs have 

been identified. Further, this work contributes not only to the emerging field of 

redox polymer electrolyte nanoparticles in the area of energy storage, but also 

to the development of other possible electrochemical applications. 
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Experimental Methods 

Materials. All the chemicals used in this work were purchased from Sigma-

Aldrich and used as received otherwise are indicated. The two monomers used 

to synthesize the block copolymer were acrylic acid (AA) (purity 99 %) and 4-

vinylbenzyl chloride (VBC) (purity 90 %). Before they were used in the 

polymerization reaction, the specific inhibitor contained on each were removed 

by passing the VBC monomer twice through a packed column containing Al2O3 

to trap the tert-butyl catechol in the VBC monomer, or to eliminate the methyl 

ester hydroquinone from the AA monomer. 2,2′-Azobis(2-methylpropionitrile) 

(AIBN) (purity ≥ 98 %) was recrystallized two times in methanol before it was 

used as initiator in the polymerization reaction. Anhydrous 1-4 dioxane (purity ≥ 

99 %) and nitrogen gas (Air Products, purity > 99 %) were used as solvent and 

inert gas atmosphere respectively, in the polymerization reaction. 

The redox amphiphilic diblock copolymers were prepared following the synthetic 

sequence shown in Scheme 1. In order to optimize the dispersibility of polymer 

nanoparticles, different syntheses with different ratio of hydrophilic and 

hydrophobic segment are performed. On the one hand, P1 is prepared by 

adding a longer chain of hydrophilic segment than hydrophobic segment to 

facilitate its dispersibility. On the other hand, P2 is prepared, adding more 

hydrophobic segment to allow us to subsequently anchor more electroactive 

units to the copolymer and study its stability in water. The synthesis procedure 

of the block copolymer AA:VBC 4.3:1 (P1) is used to describe the preparation 

route as follows (see more details in Table 3.1 and Figure 3.1): a solution 

containing 0.206 g (8.64·10-4 mol) of RAFT agent with 0.014 g (8.64·10-5 mol) of 

AIBN was added to a round bottom flask of 100 ml. The RAFT agent 2-

{[(Butylsulfanyl)carbonothioyl] sulfanyl} propanoic acid was synthetized 

according to a reported procedure [28]. Further characterization of RAFT agent 

is shown in Figure 3.2. Then, 5.60 g (0.077 mol) of AA and 9.00 g (g·cm3) of 

1,4-dioxane were added to the flask. After 20 min of deoxygenation using 

nitrogen gas, the reaction flask was set at 70 °C for 1 h to maximize conversion. 

Then, it was cooled down to 50 °C and 2.80 g (0.018 mol) of VBC, and a 

solution containing AIBN 0.026 g (1.6·10-4 mol) in 10.26 g of 1,4-dioxane was 

injected with a syringe to the previous system. Afterwards, the temperature was 
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raised to 80 °C for 12 h to maximize polymer conversion. Then, the solid 

product (P1) was purified first by washing it twice with acetone (purity ≥ 97 %) 

and secondly by dialysis in DI-H2O with a semi-permeable membrane (MWCO 

3 kDa) for two days, controlling the temperature of the solution between 15-20 

°C to avoid chlorine losses. Finally, supercritical CO2 to eliminate the remaining 

unreacted monomers and traces of solvent was applied. 

 

Scheme 2.1. Reaction scheme of the amphiphilic diblock copolymers with 

DMAFc grafted in the main chain. The synthesized polymers differ in the 

hydrophilic and the hydrophobic segment ratios 

The chemical substitution of the chlorine atom in the amphiphilic block 

copolymer by the (dimethyl aminomethyl) ferrocene (DMAFc) (purity ≥ 95 %) 

molecule was performed according to the following procedure: first, 1.5 mol of 

AA-VBCl (Pn) and 1.5 mol of DMAFc were introduced in a round bottom flask. 

Then, 9.3 ml (8.45 g) of anhydrous DMSO were added with a syringe to allow 

the substitution at 70 °C for 5 days under inert (nitrogen) conditions. After, 

DMSO solvent was removed under reduced pressure at 90 °C. The solid 

obtained (PnFc) was washed three times with acetone, and then subsequently 

centrifuged, lyophilized and stored at 5 °C. The conversion of the linear block 

copolymers into water-soluble spherical polymer nanoparticles has been done 

by dissolving the amphiphilic block copolymer in 2.5 ml of DMSO and adding 
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this solution dropwise to 10 ml of deionized water under constant stirring. The 

final solution was dialyzed in distilled water for 48 h using a semi-permeable 

membrane (MWCO 3 kDa) to remove the organic solvent. The long-term water 

stability of block copolymer nanoparticles suspension was adjusted at different 

nanoparticles and supporting salt concentrations.  

The synthesis of the salt support ZnPF6 used in the tests of the hybrid Zn-

polymer flow battery was performed as indicated in Reference [29]. For that, 

ammonium hexafluorophosphate (NH4PF6, purity ≥ 99 %), zinc chloride (ZnCl2, 

98 %,), anhydrous acetonitrile (CH3CN, 98 %), silver hexafluorophosphate 

(AgPF6, 98 %), zinc hexafluorophosphate (AgPF6, 98 %) and zinc chloride 

(ZnCl2, 98 %) were used as received. 

Table 3.1. Characteristics of the reactants and solvent used for the synthesis 

and chemical exchange of the block copolymers. The volume of solvent used 

on each step is included 

  

Material 

Synthesis of diblock copolymers 

AA  

(mol· 102) 

VBC 

(mol· 102) 

RAFT agent 

(mol· 104) 

AIBN 

(mol· 105) 

Dioxane 

(ml) 

Hydrophilic segment 

P1 7.8 - 8.6 8.6 8.7 
P2 5.4 - 8.9 8.9 5.7 

Hydrophobic segment 

P1 - 1.8 8.6 16.0 10.0 
P2 - 2.9 8.9 16.0 12.5 

Chemical substitution of diblock copolymers 

  

P1Fc 

Diblock copolymer (Cl mol · 103) Ferrocene (mol · 103) 

1.5 1.5 

P2Fc 3.4 3.4 

 

The preparation route of the redox amphiphilic block-copolymers is displayed in 

Figure 3.1. Step number 1, the hydrophilic segment was synthesized in the 

presence of N2 for 30 min and in a bath previously heated to 70 °C for 4 h; then, 
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the reaction was cooled down with water. In the second step, VBC was 

introduced into the reaction flask at 70 °C for 12 h, and then cooled to room 

temperature to incorporate the hydrophobic block into the previous reaction 

mixture. Finally, the third step, where the chemical substitution with the DMAFc 

molecule is performed, was carried out under N2 gas atmosphere at 70 °C for 5 

days. 

 

Figure 3.1. Synthesis and functionalization of diblock copolymers. 1) 

Hydrophilic segment. 2) Hydrophobic segment. 3) Chemical substitution 

Characterization.  

Number-average molecular weight (Mn), weight-average molecular weight (Mw) 

and molecular-weight dispersity (ĐM = Mw/Mn) were measured by size exclusion 

chromatography (SEC) (Waters 1515 isocratic HPLC pump, Waters 2414 

refractive index detector, Waters717 autosampler) in tetrahydrofuran (THF) (5 

mg of sample in 1 ml of THF).  

The molecular weights and ĐM were derived from a calibration curve based on 

narrow polystyrene standards (Figure 3.2).  

The polymer composition was determined by liquid 1H-NMR in a magnet with a 

400 MHz field (Varian Mercury) using a sample of 5 mg in 1 ml of DMSO-d6.  
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FT-IR spectra (Perkin Elmer Spectrum one) of Pn and PnFc were recorded in 

ATR mode, in a wave number range from 400 to 4000 cm−1 at a resolution of 

4 cm−1.  

The UV-Vis spectra of the block copolymers at different concentrations in water 

were determined using a Nanodrop One Microvolume UV-Vis 

spectrophotometer (Thermo Scientific™) by fluorescence spectroscopy using 

280/290 nm excitation/emission. The elemental composition of C, H, N, and S 

of the synthesized amphiphilic block copolymers has been determined by 

combustion on a LECO CHNS-932 elemental microanalyzer.  

The characterization of the Fe and Cl content in the polymers was carried out 

by Total X-ray Reflection Fluorescence (TXRF), using a benchtop S2 PicoFox 

TXRF spectrometer from Bruker Nano GmbH (Germany), equipped with a 

molybdenum X-ray source working at 50kV and 600 μA.  

Average particle size (dp) as a function of reaction time was measured at 20 °C 

by dispersion light scattering (DLS) in a Malvern ZetasizerNano-ZS90 

equipment. Pure amphiphilic block copolymer was imaged at -170 °C in a 300 

kV Tecnai F30 cryoelectron microscope (CryoEM). A dilute solution of the 

polymers was prepared using 0.1 g·l-1.  

The block copolymer solution (3 μl) was added to one side of Quantifoil Cu/Rh 

R2/2 carbon grids, blotted, and plunged into liquid ethane in a FEI Vitrobot Mark 

IV. Samples were analyzed in a Talos Arctica from Thermofisher with an X field 

emission gun operating at 200 kV. To acquire the images, EPU Software 

(Thermo Fisher Scientific®) equipped with an autoloader and a Falcon III direct 

electron detector was used. The analysis of the average nanoparticles was 

based on the counted number of particles using ImageJ analysis.  

The morphology, shape, and size of the synthesized redox active amphiphilic 

block copolymer nanoparticle were studied by high resolution scanning electron 

microscopy (HRSEM) in a Hitachi SU8000 model, STEM mode, with field 

voltage filament and a voltage of 3.0 kV under vacuum values lower than 1·10·-3 

Pa. For the observations, a dilute solution of the polymer was prepared at 0.7 

mM in water. A few drops of the solution were deposited in a carbon-coated 

grid. 
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Cyclic voltammetry (CV) studies were performed with a VMP3 potentiostat 

(Biologic, France). A standard three-electrode configuration with a glassy 

carbon working electrode (3 mm diameter), an Ag/AgCl reference electrode and 

a platinum counter electrode were used for these measurements. To determine 

the diffusion coefficient, the electron transfer rate constant, and the electron 

transfer coefficient α, rotating disc electrode (RDE) measurements were 

performed with the same potentiostat used for the CV studies, with a glassy-

carbon working electrode (diameter 4 mm). The rotational speed was controlled 

externally with an RRDE-3A device (ALS, Japan). Evaluating the RDE analysis 

by Levich (limiting current vs. square root of the spin rate), a diffusion coefficient 

D was obtained with the Levich equation:  

ilim=0,62nFAD2/3w1/2v-1/6c0 

where F is the Faraday constant (F=96485 C·mol-1), A is the electrode area 

(0.16 cm2), v is the kinematic viscosity, and c0 is the concentration. The rate 

constant, k0, has been calculated by Koutecky-Levich and later Tafel, with the 

equation 

i0=FAc0k0 

where i0 is the intersection of the Tafel plot with the Y-axis. On the other hand, 

the electron transfer coefficient, α, is obtained with the slope of the Tafel plot. 

The experiments with flow were done in a flat cell type with an active membrane 

area of 6.25 cm2 (Jena-Batteries, Germany). For the latter study, two types of 

configurations have been applied. On the one hand, a 0.3 M solution of 

2,7AQDS as anolyte and 2 mM P1Fc as catholyte was prepared, both with 0.5 

M NaH2PO4 as support salt. A Nafion™ 117 perfluorinated membrane was used 

to separate each cell side. On the other hand, for the hybrid battery, Zinc Foil 

was used as collector on the anolyte side and a 2 mM P1Fc solution was 

prepared as catholyte, both tanks with 0.1 M NH4PF6 and Zn(PF6)2 as support 

salt. A size exclusion membrane separates the two cell compartments. In both 

configurations, the solutions were transported through the cell at 20 ml·min-1. 
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Results and discussion 

Chemical composition of amphiphilic block copolymers 

First, a characterization of the synthesized RAFT has been carried out (Figure 

3.2A-C), additionally the characterization of the block-copolymers was carried 

out before and after the chemical substitution with DMAFc exchange.  

 

Figure 3.2. A) 1H-NMR in chloroform-d (CDCl3), B) FTIR and C) Dynamic 

scanning calorimetry (DSC) of RAFT agent 2-{[(Butylsulfanyl)carbonothioyl] 

sulfanyl} propanoic acid. Measurement conditions: heating rate: 10 °C·min-1; 

nitrogen atmosphere. D) Molecular weight by size exclusion chromatography of 

block copolymers in tetrahydrofuran (THF) (5 mg of sample in 1 ml of THF)  

Figures 3.3 and 3.4 show the characterizations of the block copolymers by FT-

IR, UV-Vis, 1H-NMR, and elemental analysis conducted by combustion and 

TXRF. The spectra corresponding to both the non-substituted and the 

substituted block copolymers with the Fc unit are presented together in the 

same plot. As shown in Figure 3.3A, the FT-IR spectrum of P1 has an 
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absorption band 650-700 cm-1 assigned to C-Cl stretching, bands at 2921, 2854 

cm-1 related to symmetric and asymmetric CH2 stretching, a single and intense 

band at 1703 cm-1 corresponding to the C=O group from the AA block, and 

another band at 1400 cm-1 due to aromatic C=C stretching. After the chemical 

substitution with DMAFc, the C-Cl stretching vibration disappeared and a new 

signal appeared at 1503 cm-1 due to the cyclopentadienyls of Fc units, which 

confirms the incorporation of the electroactive group in the copolymer chain. 

Similar results were found for all the prepared polymers, independently of the 

ratio between different blocks (Figure 3.4A). UV-Vis spectroscopy in aqueous 

media was also performed to confirm the chemical substitution in the block 

copolymer as shown in Figures 3.3B and 3.4B. Before the chemically 

substitution, the block copolymer had presented a group of absorption bands at 

212, 228 and 313 nm which are attributed to π-π* transitions of the phenyl ring 

in the block containing VBC. After the incorporation of the Fc, a strong 

absorption band can be seen at 248 nm, which is attributed to both the 

absorption of Fc and the benzene ring. A change is observed in the 400-450 nm 

regions, due to the d-d transition in the Fc unit too. This signal is not very broad 

possibly due to the aggregation of the polymer nanoparticles and the 

enhancement of the interactions between the Fc groups inside the 

nanoparticles. When they are excited, a spectrum of lower intensity similar to 

those observed in solid-state spectroscopy is evidenced [22].  

1H-NMR was used to determine the chemical composition of the block 

copolymers as shown in Figures 3.3C and 3.4C. The 1H-NMR spectrum 

featured three characteristic resonances: one at 12.3 ppm corresponds to the 

carboxylic (COOH) group of the acrylic acid; another one in the region 6.5-7.3 

ppm corresponding to the protons of benzene ring; and a third one at 4.7 ppm 

from the chloromethyl group (-CH2Cl-) in the styrene block. After the 

functionalization with the DMAFc molecule, the resonance due to protons in the 

CH2Cl group disappeared, and those at 4.19 ppm (1), 4.25 ppm (2), 4.3 ppm (3) 

and 4.4 ppm (4) due to DMAFc appeared. The new resonance at 4.5 ppm, 

stand for the protons presented in the new CH2N bond. Figure 3.3D and Figure 

3.4D show the elemental analysis performed by combustion and FXTR 

techniques. The results indicated that a decrease in the chlorine content of the 
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block copolymer came with the appearance of the iron and nitrogen elements 

as DMAFc was integrated to the polymer structure. Although traces of chlorine 

are still in the redox block copolymer, this chlorine is not chemically anchored to 

the polymer but appeared most probably counterbalancing the positive charge 

in the nitrogen atom just created after the chemical substitution (Scheme 2.1). 

From the TXFR results, the content of Fc can be estimated in the block 

copolymers. A maximum concentration value of Fc motifs linked to the main 

polymer chain up to 0.17·10-3 mmol per mg of polymer, was achieved. 

 

Figure 3.3. Characterization of the amphiphilic block copolymers before and 

after their functionalization with DMAFc. A) FT-IR spectra of pure solid 

copolymers. B) Absorption spectra of the polymers in water (1 g·l-1). C) 1H-NMR 

spectra of P1 and P1Fc in DMSO-d6. D) Elemental analysis of the block 

copolymers performed by combustion and TXRF techniques 
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Figure 3.4. Characterization of one of the block-polymers synthesized in this 

work, P2, and their chemically substituted with DMAFc equivalent, P2Fc. A) FT-

IR spectra of P2 and P2Fc. B) UV-vis absorption spectra of the polymers in 

water (1 g·l-1). C) 1H-NMR spectra of P2 and P2Fc in DMSO-d6. D) Elemental 

analysis of the block-copolymers determined by combustion and TXRF analysis 

A high-value number of redox moieties in the block copolymer and a high 

polymer concentration in the liquid phase would be necessary to boost the 

energy density of an aqueous polymer RFB. Although easy to be dispersed, the 

long-term stability of the new amphiphilic block copolymer in water is less than 1 

g·l-1, precipitating in a few h. For that reason, these amphiphilic block 

copolymers were transformed into long-time water-stable nanoparticles using a 

simple inverse-phase solvent strategy.  

Generally, the determination of the amount of ferrocene moieties anchored to a 

polymer backbone is challenging. In this study, the amount of Fc and the weight 

percentage of iron in the polymer have been calculated using the total reflection 

X-ray fluorescence spectroscopy (TXRF). The highest iron values were 9.8 
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wt.% for P1Fc and P2Fc. In addition, the maximum theoretical capacity value of 

the Fc-containing block-copolymers has been calculated here. For that, a study 

for the determination of the maximum concentration of a stable dispersion of 

polymer nanoparticles in water without the presence of supporting salts has 

been pursued. Considering that the highest concentration value for a dispersion 

of P1Fc in water was of 6 g·l-1, a theoretical capacity of 4.78 mA·h has been 

obtained. 

The method allows us to reach a concentration value of up to 6 g·l-1 of the 

nanoparticles in water, providing a maximum theoretical capacity value of up to 

4.78 mA·h, aligned with the state-of-the art on polymer-based RFBs (Table 3.2). 

Table 3.2 displays a comparison between the state of the art on organic-based 

Fc and polymeric analytes studied in redox flow batteries with the use of size-

exclusion membranes and ionic membranes [11–16,18,19].  
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Table 3.2. State of the art of dome organic redox flow batteries 
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Morphological and size characterization of amphiphilic block copolymers 

Figure 3.5 displays the characterization of the amphiphilic polymers by dynamic 

light scattering (DLS), cryogenic electron microscopy (CryoEM) and scanning 

transmission electron microscopy (STEM). Figure 3.5A shows that the block 

copolymers morphology consists in a hydrophobic core and a hydrophilic shell. 

The size corresponding to the block copolymer P1 after being dissolved and 

self-assembled in water was measured by DLS, observing two particle size 

populations centered at 68 nm and 190 nm. The particle size distribution 

changed after the chemical substitution with DMAFc, achieving an average 

nanoparticle size value of 91 nm for P1Fc. For P2Fc nanoparticles, a broader 

nanoparticle size distribution was observed (Figure 3.6A). Further study of the 

size and morphology of the block copolymers before the substitution, was 

performed by CryoEM. Figure 3.5B shows an average diameter of the self-

assembled polymer nanoparticles of 8 nm. The CryoEM study for P2 also 

evidenced a larger size and a less regular spherical morphology (Figure 3.6B). 

Besides, the STEM images corresponding to P2Fc exhibited (Figure 3.6C) 

bigger particle size aggregates than the P1Fc analog. The difference in the 

average sizes observed by the two different characterization techniques might 

be because in liquid phase the amphiphilic block copolymers tend to aggregate. 

In any case, the results confirm that the P1 has a smaller particle size than the 

P2. In addition, these results also support that the P2-based polymers are not 

as long-term stable in an aqueous solution. Figure 3.5C displays a distribution 

of highly monodisperse nanoparticles of 20-40 nm of P1Fc, exhibiting few 

aggregates.  
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Figure 3.5. A) Proposed scheme for the morphology of the amphiphilic block 

copolymer, P1 (left) and P1Fc (right) after their self-assembly in water. DLS 

curves show the particle size distribution of 1 g·l-1 in water (center). B) CryoEM 

micrograph of P1 in water C) STEM image showing nanoparticles of P1Fc 
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Figure 3.6. A) Particle size distributions of a dispersion at 1g·l-1 in water of P2 

and P2Fc by DLS. B) CryoEM images of P2 in water. C) STEM images of P2Fc  

Electrochemical cell conditions and configuration 

The dispersibility, time-stability, ionic conductivity, and pH relation of aqueous 

suspensions for the redox block copolymer nanoparticles were also studied in a 

broad range of concentrations and under the presence of a variety of supporting 

salts. A compromise can be observed between the amount of nanoparticles in 

the suspensions, the type and concentration of the supporting salt, the pH value 

and the long-term stability of the nanoparticle dispersion (Figure 3.7, Tables 3.3 

and 3.4). For instance, considering the future use in a zinc hybrid battery, the 

polymer nanoparticles were studied in NH4Cl, which mitigates the formation of 

zinc hydroxide while cycling [16]. Despite the increase in the conductivity of the 

redox polymer suspension, the nanoparticles ended up precipitating. Then, 

other salts such as NH4PF6, ZnCl2, Zn6ClO8.H2O, and a combination thereof 

were also used. In all the cases, the conductivity improves but the polymer 
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precipitates with time except in the presence of NH4PF6. Therefore, zinc salt 

containing the anion PF6
- was synthesized [29], observing the increase in 

conductivity and the long-term stability of the polymer nanoparticles.  

 

Figure 3.7. Ionic conductivity of the block copolymer aqueous suspensions and 

different electrolyte salt support at different concentrations 
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Table 3.3. Ionic conductivity and stability of a dispersion at 2 mM of P1Fc 

containing different supporting salts 

Sample Concentration 
(M) 

Conductivity 

(mS·cm
-1

) 
Long time 
stability 

2 mM 
P1Fc + 

NaCl 0.1 13.5 No 

NH4Cl 0.1 14.2 No 

NH4PF6 0.1 11.7 Yes 

NH4PF6 
Zn (PF6)2 

0.1 
0.001 11.2 Yes 

NH4PF6 
Zn (PF6)2 

0.4 
0.006 44.5 Yes 

Therefore, by choosing the right type of anion in the ammonium salt, the time-

stability of the polymer nanoparticles in the solution might increase. Conductivity 

values up to 44.5 mS·cm-1 were achieved for an aqueous electrolyte 

composition at 2 mM P1Fc nanoparticles with 0.4 M NH4PF6 and 6 mM 

Zn(PF6)2 as supporting salts (Table 3.4).  

Table 3.4. pH values of P1Fc with different concentrations and different salts 

Samples pH 

4 mM P1Fc 4.73 

2 mM P1Fc 4.88 

2 mM P1Fc - 0.1M NaCl 4.75 

2 mM P1Fc – 0.1M NH4PF6  5.00 

2 mM P1Fc – 0.5M NaH2PO4 5.01 

2 mM P1Fc – 0.1 M NH4PF6 – 1 mM Zn(PF6)2 3.88 
 

However, a 2 mM concentration of an electrolyte composition containing 0.1 M 

NH4PF6 and 1 mM Zn(PF6)2 evidenced a conductivity value of 11.2 mS·cm-1, 

with values of pH ranging between 4 and 5 was settled for further 

characterization experiments due to the lower content of the supporting salts 

needed to maintain similar long-term stability. The efficiency and rate of charge 
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and discharge processes of the aqueous nanoparticle suspensions of variable 

supporting electrolyte salts at different concentrations were characterized under 

static and dynamic (i.e. steady state) conditions.  

Counter-intuitively, only those electrochemical studies using porous graphite felt 

as received (i.e., non- thermally treated). As working electrode material, the 

polymer nanoparticle showed reactivity in an aqueous media (more details in 

Figure 3.8). The electrochemical properties of two different porous carbon 

electrodes as working electrode materials were studied. For this purpose, 

graphite felt (GF) and gas diffusion layer (GDL) materials were chosen. A heat 

treatment at 500 °C for 12 h on air was performed on each electrode. The 

electrochemical reactivity of the block-copolymer nanoparticles was studied by 

CV. Then, results were compared to the non-thermally treated samples. Figure 

3.8 shows the electrochemical response of the different electrodes. Surprisingly, 

the electrochemical reactivity shown in those samples after being thermally 

treated was lower than the non-treated materials. The reason might be related 

to the fact that the heat treatment provoked the oxidation of the surface of the 

electrodes, making it more hydrophilic. The electrolyte nanomaterial developed 

here showed more reactivity when using working electrodes that are not too 

hydrophilic.  

In order to characterize the charge and discharge properties under static 

conditions, a galvanostatic study of the polymer nanoparticles was carried out in 

a static electrochemical cell. Figure 3.9 shows the galvanic charge and 

discharge measurement of polymer nanoparticles that was carried out in a 

three-compartment cell with Ag/AgCl as reference electrode, Pt wire as counter 

and GF as working electrode were used inside each compartment. A dialysis 

membrane was used to separate the compartments. The galvanostatic study 

was performed at a current of 0.047 mA up to 0.7 V vs. Ag/AgCl. In the 

compartment containing the GF electrode there was a suspension of P1Fc 

nanoparticles with a 2 mM concentration and supporting salt (0.4 M NH4PF6). In 

the other two tanks there were deionized water with supporting salt (0.1 M 

NH4PF6). In Figure 3.9B the charge and discharge curve at constant current can 

be seen, where a high reversibility of the system is observed in these 

conditions. 
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Figure 3.8. Analysis of the electrochemical reactivity of a suspension at 2 mM 

P1Fc nanoparticles with 0.1 M NH4PF6 as salt support by using different porous 

carbon materials as working electrode: A) Gas diffusion layer (GDL) as 

received. B) GDL thermal treatment (500 °C, 12h). C) Graphite Felt (GF) as 

received. D) GF thermally treated (500 °C, 12h) 

 

Figure 3.9. Long-term stability test of a suspension of P1Fc nanoparticles under 

static conditions in a three-compartment cell. A) Three-electrode cell used in 

P1Fc 2 mM with 0.1 M NH4PF6 as salt support, B) Selected charge/discharge 

profiles form constant current cycling 0.047 mA shows high reversibility of the 

system 
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The amphiphilic block copolymer nanoparticles did not react when using the 

same porous felt as electrode material but after thermal treating on air. The 

block copolymer nanoparticles (2 mM P1Fc) exhibit a CV characterized by two 

well-separated and reversible oxidation waves at E1/2=154 mV and E1/2= 369 

mV vs. Ag/Agl at 20 mV·s-1 (Figure 3.10A). This electrochemical behaviour is 

consistent with interactions between the Fc units linked by the vinyl monomer 

along the main polymer chain. A similar cyclic voltammetric response was 

observed for ferrocenyl dendrons and dendrimers in solution [30]. To our 

knowledge, this is the first example of Fc-based polymer electrolyte 

nanoparticles system possessing a controlled number of interacting metal 

centers. A previous report on block copolymers electrolytes for RFBs with 

electroactive Fc moieties [14] exhibited a single reversible oxidation process, 

indicating that all the iron centers are essentially non-interacting. All the Fc 

redox-active units in those block copolymers behave independently, and 

exchange electrons with the electrode in a wave characteristic of a one-electron 

process.  

Kinetic properties of the block copolymers 

Cyclic voltammetry Analysis  

Further analysis of the scan rate of the CV peak height did decisively show a 

strong correlation vs. v (scan rate) (Figure 3.10B and 3.10C), which suggests 

that the charge transport through the nanoparticle is limited by the ions and 

water molecules diffusion into the polymer nanoparticle. Although both anodic 

and the first cathodic waves have shown the form required if transport to the 

electrode was controlled by diffusion, the second cathodic wave did not. The 

correlation of the current intensity of this second cathodic peak vs. v (scan rate) 

was neither described by pure diffusion limited mass transfer, nor that expected 

for a surface-confined electroactive nanoparticle. These could be characteristic 

of Fc-containing nanoparticles in which oxidized form is insoluble, and the 

reduced form is soluble independently of having one or two waves associated 

with the one-electron transfer [30]. Similar behaviour has been observed before 

for Fc-block copolymer colloids as charge carriers for RFB in organic media. 

Moreover, this result could explain the sedimentation phenomena evidenced 
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here (see the following sections) and in the cited publication [14], when the size-

exclusion electrolytes were studied in a RFB. 

 

Figure 3.10. Electrochemical characterization of an aqueous suspension of 2 

mM P1Fc nanoparticles containing 0.1 M NH4PF6 as supporting salt electrolyte. 

A) Cyclic voltammetry at different scan rates. B) Scan-rate dependence 

analysis. C) Randles-Sevick analysis 

The same study has been performed for P2Fc, showing that when the scan rate 

increased, the current intensity increases and the potentials shifted (Figure 

3.11). The Randles-Sevick analysis suggested a diffusion-limited process, as a 

slope value close to 0.5 was found for a single P2Fc process. While the rest of 

the processes are not controlled by diffusion. This corroborates that P1Fc and 

P2Fc nanoparticles behave differently, possibly due to their different 

morphology and nanoparticle size as seen in their morphological 
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characterization. There must be an effect on the distribution of ferrocenes in the 

particle. 

 

Figure 3.11. Electrochemical characterization of a suspension of P2Fc 

nanoparticles at 7 mM containing 0.1 M NH4PF6. A) Cyclic voltammetry at 

different scan rates. B) Scan-rate dependence analysis of the suspension of 

P2Fc nanoparticles. C) Randles-Sevick analysis showing single anodic wave of 

the second process is described by diffusion-limited mass transfer  

Linear sweep voltammetry-Rotating Disk Electrode (RDE) 

Taking a further step in the electrochemical study of the polymer nanoparticles, 

their kinetic constants were determined by linear sweep voltammetry using a 

glassy carbon rotating disc electrode (RDE) (Figure 3.12). Evaluating the RDE 

analysis by Levich (limiting current vs. square root of the spin rate), a diffusion 

coefficient D of 3.3·10-11 cm2·s-1 was obtained. This value is low compared to 

other electrolyte systems based on Fc-organic and polymer electrolytes studied 
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in RFBs, as shown in Table 3.5. However, the rate constant (k0) obtained, was 

6.8·10-5 cm·s-1, being in the same order of magnitude as those redox 

electrolytes published reports.  

 

Figure 3.12. Electrochemical characterization of an aqueous suspension of 2 

mM P1Fc nanoparticles containing 0.1 M NH4PF6 as supporting salt electrolyte. 
A) RDE measurement with a scan rate of 5 mV·s-1 from 300 to 3100 rpm. B) 

Levich plot at 0.8 V vs. Ag/AgCl. Using the Levich equations D = 3.3·10-11 

cm2·s-1 is obtained. C) Koutecky-Levich plot for different potentials. D) Tafel 

plot, where k0 = 6.8·10-5 cm·s-1 and α = 0.19 

In view of the assessment of the block copolymer nanoparticles as the main 

component of an aqueous electrolyte in a hybrid zinc RFB, the electrochemistry 

of P1Fc in the presence of the salts that provide the best results in terms of 

stability and reactivity for their use in a hybrid zinc RFB combined with the P1Fc 

nanoparticles (Figure 3.13) have also been studied here. The value of the 
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kinetic parameters was in the same order as those observed for the P1Fc-

Zn(PF6)2 electrolyte. 

 

Figure 3.13. Electrochemical characterization of an aqueous suspension of 2 

mM P1Fc nanoparticles containing 0.4 M NH4PF6, 1 mM Zn2(PF6)2 as 

supporting salt electrolyte A) RDE measurement with a scan rate of 5 mV·s-1 

from 300 to 3100 rpm. B) Levich plot at 0.8 V vs. Ag/AgCl. Using the Levich 

equations D = 1.53·10-11 cm2·s-1 is obtained. C) Koutecky-Levich plot for 

different potentials. D) Tafel plot, where k0 = 5.08·10-5 cm·s-1 and α = 0.13 

It is observed that the values obtained from the RDE measurements are lower 

than other electrolyte systems based on Fc-organic electrolytes as shown in the 

following Table 3.5. These results prove the impact that of the nanoparticulated 

nature of this copolymer has on the mass transport of the charged species from 

the solution to the surface of the electrode, compared to other systems where 

the redox electrolyte behaves as a liquid solution rather than a suspended solid 

in water. However, these results confirm that there were no limitations for the 
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intra- and inter-nanoparticle (i.e., nanoparticle aggregate) electron transfer 

between the Fc centers.   

Table 3.5. Comparison between electrochemical properties of the block-

copolymer nanoparticles and different catholytes and anolytes 

Anolyte Catholyte D (cm2·s-1) K0 (cm·s-1) α Ref. 

BTMAPV 

Ferrocene 

methacrylamide 

monomer 

b)  9.8·10-7 

(in water) 

b)  4.4·10-4 b)  0.6 [19] 

Zinc Poly(TEMPO) b)  1.65·10-7 b)  9.93·10-4 b)  0.44 [15] 

PEG12-AQ K4Fe(CN)6 a)  2.236·10-6 a)  1.59·10-2 a)  0.59 [12] 

BTMAP-Vi BTMAP-Fc 

a) 3.3·10-6 

b)  3.1·10-6 

a)  2.2·10-2 

b)  1.4·10-2 

a)  0.47 

b)  0.53 
[21] 

MV FeNCl 3.74·10-6 3.66·10-5 - [31] 

Viologen-RAPs 

(158kDa) 
Ferrocene-RAP 

a)  6.7·10-7 

b)  5.4·10-6 

a)  6.5·10-3 

b)  2.2·10-2 

 

- 

 

[32] 

Viologen TEMPO 

a)  7.6·10-7 

b)  7·10-8 

a)  9·10-5 

b)  4.5·10-4 

- 

b)  0.68 
[33] 

Zn P1Fc b)  1.53·10-11 b)  5.08·10-5 b)  0.13 
Our 

work 

a) Anolyte data 

b) Catholyte data 

 

Study of the charge storage properties of the amphiphilic block 

copolymer nanoparticles in redox flow systems 

The assessment of the charge storage properties of the novel nanoparticulated 

polycatholyte in two-redox flow cell systems is shown in the following section.  

The first redox flow system contains a 2,7-anthraquinone disulphonated (2,7 

AQDS) anolyte and a non-porous, Nafion™ fluorinated membrane separating 

both compartments of the battery (Figure 3.14A). It was observed that the use 

of highly acidic or basic pH values minimized the long-term stability of the Fc-

block copolymer nanoparticles in aqueous media. For that reason, the 

electrolyte´s pH value was adjusted to 4 on both sides of the cell using 0.5 M 
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NaH2PO4 as supporting salt and as a buffer to keep both the electrochemical 

activity of the 2,7 AQDS and the long-term stability of the amphiphilic Fc-block 

copolymer nanoparticles in water. The redox block copolymer nanoparticles at a 

pH value of 4 could be paired with 2,7 AQDS anolyte in a full cell, with a 

theoretical cell voltage value up to 0.8 V (Figure 3.14B). The cell could be 

charged and discharged, but it did not retain most of its initial theoretical 

capacity values of 0.75 mA·h (Figure 3.14C). This drop-in capacity was 

probably due to the pH value of the electrolyte causing a quasi-reversible 

reaction of the 2,7 AQDS.  

 

Figure 3.14. A) Scheme of the conditions used in each tank and the redox 

processes occurring inside the cell. B) Cyclic voltammogram of 0.4 M 2,7AQDS 

0.5M NaH2PO4 and 2 mM P1Fc, 0.5M NaH2PO4, scan rate 10 mV·s-1
. C) 

Selected cycles of the redox flow battery test at 0.047mA 
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Besides, block copolymer sedimentation could also be one of the causes of the 

drop in capacity, also observed in the hybrid Zn-polymer battery used to assess 

the charge capacity of the active polymer nanoparticles (Figure 3.15). This 

hybrid flow system (Figure 3.15A) comprised a zinc foil as negative electrode of 

the cell separated from the polycatholyte by a porous cellulose-based dialysis 

membrane (2.5 x 2.5 cm) with a 2.5-3 nm pore size (Figure 3.15B). With that 

pore size, the dialysis membrane could effectively retain the cathode active Fc-

block copolymer nanoparticles (with average particle size of 20 nm, which is ten 

times larger than the pore size of the dialysis membrane) but is permeable for 

the supporting electrolyte. The supporting electrolyte in both sides of the battery 

was an aqueous 0.1 M NH4PF6 / 1 mM Zn(PF6)2 solution with a pH value of ~ 4.  

 

Figure 3.15. A) Image of the experimental setup at ambient conditions. The 

peristaltic pump was set to 20 ml·min-1 to cycle the electrolyte in the cell stack, 

which is measured with a VMP3 potentiostat (Biologic, France). B) Scheme 

showing the experimental composition used in each tank and the redox 

processes occurring inside the cell 
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Three-electrode cyclic voltammetry revealed the electrodeposition of Zn2+ on 

the glassy-carbon electrode for potentials lower than -1.2 V and dissolution at 

potentials above -0.98 V vs. Ag/AgCl (Figure 3.16A). The redox reaction 

revealed a narrow redox wave split of 0.21 V. This is attributed to the 

unrestricted ionic conductivity of Zn2+ in aqueous-based electrolytes. In addition, 

the cyclic voltammetry of an aqueous suspension of P1Fc nanoparticles with 

the same salt support might lead to a potential cell voltage of 1.6 V when 

coupling both redox couples in a subsequent battery application. In fact, the cell 

provides an open-circuit voltage of 1.35 V and can be safely charged and 

discharged at constant current within a voltage window of 1.60 V (Figure 

3.16B). The cell was flushed with nitrogen gas before cycling, so the evolution 

of oxygen or hydrogen was not observed. A maximal capacity of 3.1 mA·h was 

reached. The following charge and discharge cycles showed how the charge 

storage capacity decreases although the efficiency reached values of 

approximately 80 % (Figure 3.16C). This is comparable to previously reported 

flow battery systems based on polymer electrolytes, where maximal capacities 

and efficiency values in the range of 1.1 Ah·l-1 and 80 % were respectively 

achieved [16].  

The retention inside the graphite felt electrode acting the latter as a filter (Figure 

3.17A) and partial clogging of the pores of the porous size-exclusion membrane 

by aggregation at the entrance of the redox polymer nanoparticles on the cell 

(Figure 3.17B) might cause the capacity decrease. The cyclic voltammograms 

of anolyte (blue curve) and the catholyte (orange curve) samples taken after 5 

cycles corresponding to the oxidative range are shown in Figure 3.16D. The 

crossover of the electrolyte from the positive to the negative battery 

compartments was negligible as no redox activity of the Fc-block copolymer 

nanoparticles was observed.  
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Figure 3.16. A) Cyclic voltammogram of an aqueous suspension of P1Fc 

nanoparticles at 2 mM with 0.1 M NH4PF6 and 1 mM Zn(PF6)2 as supporting 

electrolyte, scan rate 10 mV·s-1 (blue line: Zn2+/Zn0, left y-axis; orange line: 

P1Fc3+/P1Fc2+, right y-axis). B) Exemplary charge-discharge curves at a current 

density of 0.027 mA. C) Capacity and coulombic efficiency of the hybrid redox 

flow battery over 26 cycles at a current density of 0.027 mA at room 

temperature. D) Analysis by CV of each of the analytes of the cell after cycling 

 

Figure 3.17. A) and B) show respectively the graphite felt electrode and the 

size-exclusion membrane after the electrochemical cycling of the redox flow 

battery 
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Correlation between nanoparticle size, electronic and electrochemical 

properties 

DLS and UV-Vis were coupled to galvanostatic measurements, so a deeper 

understanding on the function and failure mechanisms of the redox amphiphilic 

polymer nanoparticles can be obtained. The results are exposed together in 

Figure 3.18. The study monitored the average particle size distribution and the 

electronic properties of an aqueous suspension of the polymer nanoparticles 

(P1Fc) at a concentration of 2 mM with 0.1 M NH4PF6 and 1 mM Zn(PF6)2, 

during the electrochemical oxidation and reduction processes. Typical DLS and 

UV-Vis cuvettes were transformed into a 3-electrode configuration cell 

containing an Ag/AgCl as a reference electrode; Pt wire was used as a counter 

electrode, and carbon fiber as a working electrode (Figure 3.18). 

 

Figure 3.18. A) Image of techniques used to study the correlation between the 

nanoparticle size and the electronic properties of the polymer nanoparticles and 

the electrochemical oxidation and reduction processes. B) DLS and UV-Vis 

cuvette transformed into a 3-electrode configuration cell containing an Ag/AgCl 

as a reference electrode, Pt wire as a counter electrode, and carbon fiber as a 

working electrode. C) DLS equipment with cuvette and connections to perform 

the measurement. D) Image showing the Nanodrop equipment with UV-vis 

cuvette inside and the electrical connections to the potentiostat 
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The protocol consisted of cycling at a constant current (5 µA) up to a potential 

window value of 0.8 V vs. Ag/AgCl, and then holding the potential for 24 h until 

the current intensity was close to zero, thus ensuring that most of the Fc-block 

copolymer was being oxidized. A reduction up to 0 V vs. Ag/AgCl and then 

keeping it at that potential for 24 h. Then, both DLS and UV-Vis measurements 

were performed. Three oxidation and reduction cycles were applied to study the 

size evolution of the amphiphilic block copolymer nanoparticles. After 24 h of 

oxidation, the average nanoparticle size was 78 nm. After reduction for another 

24 h, the size of the nanoparticles was slightly above 91 nm. In the second 

cycle, noticeable changes began to be observed in both oxidation and reduction 

processes, with the appearance of two particle size populations. In the third 

cycle, it was observed that the particle size distribution returned to a single size 

distribution after the oxidation, with an average nanoparticle size of 85 nm, 

while in the reduction step, a two-particle size distribution were displayed again. 

The average particle sizes corresponding to the two populations that appeared 

after the reduction process in the second and third cycles are practically the 

same, 68 and 396 nm. The area under the curve for the particle size distribution 

of the second cycle was higher than that for the third one. That must be related 

to the aggregation of the nanoparticles during the electrochemical reduction, 

leading to larger particle sizes and then precipitating to the bottom of the 

cuvette. The changes in the particle size between oxidation and reduction 

processes were probably due to the trade-off between the coulombic 

interactions between the P1Fc+3/+2 species and their hydrophilic/hydrophobic 

overall interactions between the blocks of the polymer and water. The increase 

in repulsion between the Fc centers that are in close proximity originates the 

separation between the nanoparticles, forming smaller nanoparticle sizes during 

the oxidation process. Whereas Fc was reduced, the overall charge tends to 

aggregate the particles. These results are consistent with the two-redox waves 

observed by CV analysis, caused by the interactions between the Fc units 

anchored in the polymer behaving dependently on each other during their 

exchange of electrons with the electrode. This fact might boost the intra- and 

internanoparticle´s electrostatic interactions. These results confirmed what other 

groups reported before about the influence of the oxidation state of the Fc on 

both: (i) the copolymer structure and morphological changes [22] and; (ii) the 
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dispersion stability of the polymer nanoparticles in the solvent [14]. Regarding 

the latter, the possible block-copolymer degradation during the electrochemical 

cycling, which can then change the concentration of the Fc centers alongside a 

nanoparticle and appear to modify the polarity of the block-copolymer chains, 

along with their capacity, cannot be discarded. Therefore, the size distribution of 

the oxidized or reduced amphiphilic block-copolymer nanoparticles might be 

due to two opposite effects: (i) entropic effects and; (ii) electrostatic interactions. 

In fact, as the charge builds-up, the polymer nanoparticles might either split into 

smaller ones if the electrostatic interactions are higher than the polar 

interactions or go from smaller size aggregates to bigger ones. In that case, the 

increase in the particle size promotes their precipitation, and then the battery 

capacity drops.  

Regarding the UV-vis measurements, a slight shift in the maximum absorbance 

value from 280 nm to 320 nm for the first oxidation-reduction cycle was 

observed, as it is shown in Figure 3.19. A red shift in the reduction process of 

the second cycle reflected the influence of the particle aggregation on the 

electronic structure of the polymer nanoparticles. The third cycle showed a 

decrease in the intensity of the maximum absorbance band, most probably due 

to the aggregation and sedimentation processes observed by DLS. From these 

results, the correlation between the electronic changes and the variation in the 

nanoparticle size observed by UV-vis and DLS, respectively were confirmed. 
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Figure 3.19. Particle size distribution measure by DLS (up) and optical 

properties study by UV-Vis spectra (down) of a concentration 2 mM of P1Fc 

nanoparticles containing 0.1 M NH4PF6 supporting electrolyte when subjected to 

electrochemical oxidation and reduction processes 

 

Conclusions 

Novel amphiphilic block copolymer nanoparticles containing redox active 

DMAFc units linked to its hydrophobic segments have been designed, 

prepared, and characterized in this work. The new electroactive material has 

showed highly-water dispersibility and an experimental capacity that is viable for 

practical application as a size-exclusion electrolyte in low-cost aqueous redox 

flow batteries. Adjusting the concentration of Ferrocenyl moieties grafted up to 

1.7·10-3 mmol by chemical substitution, and selecting the right combination of 

supporting salt, an improvement in long-term stability was achieved. Besides, 

ionic conductivities of 44.5 mS·cm-1 at pH close to neutral value, turns the 

polymer nanoparticle electrolyte quite promising compared to current redox 

electrolytes based on Vanadium compounds operating in highly acidic media 

and other organic-based polymer electrolyte systems under study, using 

expensive fluorinated membranes too. Electrochemical studies of the polymer 

nanoparticles using a 3-electrode configuration cell reveal an efficient charge 
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transport between each of the Fc motifs in the polymer nanoparticle while 

keeping the redox peaks reversibility. The implementation of the innovative 

nanomaterials as polycatholyte in a Zn hybrid aqueous redox flow battery 

display a capacity value of 3.1 mA·h and a full battery voltage of ≈ 1.6 V. No 

transient of the polymer nanoparticles crosswise the inexpensive porous 

membrane used in the redox flow battery is evidenced. It is the first time, that 

highly-water dispersible Fc-containing block copolymer nanoparticles have been 

developed as size-exclusion electrolytes showing a high capacity to store 

charges electrochemically. It is clear that the chemistry of these block-

copolymer electrolyte materials can be controlled further, including for example 

another hydrophilic segments, or redox active groups to avoid aggregation and 

sedimentation of the nanoparticles, so a capacity retention and long-term 

cycling stability can be achieved. The proper design of current collectors and 

porous electrode materials with more open 3D structures will be also necessary 

to bring polymer nanoparticles redox flow batteries closer to practical 

applications. This novel and environmentally friendly aqueous analytes could 

also be applied to other electrochemical uses like electrocatalysts, carbon 

capture, and thermoelectrochemical displays. 
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1. After the studies shown in this Section, it can be concluded that most of 

the main objectives initially planned have been achieved by fulfilling 

requirements such as: The synthesis and study of different redox-active 

polymeric nanoparticles with the capability of storing electricity and CO2 

in aqueous media. 

 

2. The polymer nanoparticle suspensions were stable in water using two 

different chemical strategies: on the one hand, the synthesis of new 

amphiphilic block copolymers, and on the other hand, the synthesis of 

hierarchical hybrid nanoparticles. It has been possible to obtain size-

exclusion nanoparticles with homogeneous size as charge carriers in 

aqueous media, preventing them from passing through the porous 

membranes acting as a separator in the electrochemical cell.  
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“Be careful with love at first sight, it can be fake.”  
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Introduction 

The world is constantly growing, globalization has brought with it a multitude of 

new businesses and industries, but there is a dark side to the pursuit of 

opportunities and business, in many areas huge opportunities for counterfeiting 

are created. Product counterfeiting is a global business, where counterfeit 

products are produced and distributed, which has become an increasingly 

serious problem. This is because criminals are attracted by large supply chains, 

trade standards and high product profit margins. 

According to the European Union Intellectual Property Office (EUIPO), in Spain 

only, the infringement of industrial property rights (IPR) in the main sectors 

affected means not only the loss of €5,753 million per year, but also the 

elimination of 44,697 jobs per year [1]. 

The consumption and marketing of counterfeit products not only have an 

economic impact, but also generate problems for public health, environmental 

protection and the development and growth of companies. This is why 

counterfeit products are now considered a public problem due to the collective 

negative consequences they produce.  

The most common counterfeit products that expose consumers to high risks are 

cosmetics, perfumes, toys, car parts, clothing and pharmaceuticals [2]. 

The fight against counterfeiting is therefore a challenge that needs to be 

addressed. The first step is to raise awareness of the consumption of 

counterfeit and pirated products. According to the EUIPO, Europeans are aware 

of the negative economic, health and safety effects of counterfeit products [3]. 

On the other hand, technology offers numerous solutions to protect property 

rights and defend supply chains. This is why most industries invest heavily in 

anti-counterfeiting measures. Traditional anti-counterfeiting methods usually 

offer one-step security and due to technological advances, counterfeiters make 

it possible for any measure to be imitated and cracked within 18 months. 
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Existing technologies 

The main anti-counterfeiting technologies currently available on the market are 

discussed below. It offers a brief definition of each of them, describing their 

main characteristics. Anti-counterfeiting technologies provide tools to help 

identify a product or whether it is a counterfeit product. These tools can have 

different functions such as: 

o Anti-manipulation or anti tampering of products 

o Product traceability and tracking 

o Product authentication 

These technologies must be difficult to copy but easy to implement. In general, 

these technologies can be divided into direct technologies (clearly visible to the 

consumer) or indirect technologies (covert technologies that are not visible to 

the naked eye) [4].  

Currently, according to the EUIPO's 2021 Anti-Counterfeiting Technology 

Roadmap, it consists of 6 categories [5] 

• Electronic technologies: in which an electronic identification, 

authentication and tracking device is associated with the product, such 

as RFID, NFC, electronic seals and contact chips, among others [6].  

• Marking technologies: in which a visible or invisible marker is 

incorporated to the product, such as holograms, encrypted images, 

watermarks, detection patterns and inks, among others [7–9].  

• Chemical and physical technologies: in this case, chemical or physical 

processes are used to mark and verify the product, such as laser surface 

analysis, surface fingerprinting, use of chemical compounds to see color 

changes [10–13]. 

• Mechanical technologies: Material elements or processes are applied, 

such as, for example, ultra-resistant labels, laser engraving, etc. [14–16]. 

• Digital media technologies: information is embedded or extracted from 

electronic devices [17–19]. 

This section focuses on security labels for use as product authentication, in the 

category of marking technology. The field of tags has been growing 
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exponentially towards the shift from simple tags to tags produced by stochastic 

processes making them more difficult to copy [20–22]. 

Nanotechnology-based solutions 

It is hoped that nanotechnology can help in the prevention of illegal copying of 

products by providing innovative methods, offering new alternatives to prevent 

counterfeiting. Today, there are a wide range of nanomaterials that can be 

explored to develop new generations of anti-counterfeiting technologies.  

There are currently several lines of research working on the use of 

nanotechnology with different technologies such as: 

o RFID: Currently used extensively in product tracking. Nanotechnology 

can help this technology because of the nanoscale and printed 

electronics lowers the cost of tagging chips. In addition, the nanoscale 

can aid in the creation of unique labels [23–26]. 

o Fingerprinting: Product surfaces can be modified at the nanoscale, thus 

creating each product's own fingerprints. The disadvantage is that it is a 

very expensive technique and would only be focused on high-value 

products [27–29]. 

o Holograms: Holograms and logotypes have been used for a long time, 

but the use of nanoscale allows general nanostructures making 

holograms difficult to copy [30,31]. 

o Barcodes: This is one of the most widely used techniques to identify 

products, but it is very easy to copy. Thanks to nanotechnology, patterns 

can be designed at nanometer scale making the barcode more difficult to 

copy [32,33].   

o Nano-labels: This technology includes the aforementioned and also 

metal nanoparticles or quantum dots and nanocomposite materials that 

can randomly generate different optical or magnetic fingerprints [34,35]. 

Use of nanoparticles against counterfeiting 

Recent research suggests using non-clonable physical functions (PUFs) to 

create security labels. Many methods, including PUFs, use nanoparticles 

because of their highly customizable characteristics. Techniques that rely on 
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nanoparticles are more difficult to counterfeit than molecular solutions, as their 

properties depend on synthesis, structure and surface charge as discussed in 

the main introduction of this Thesis.  

The following are the most representative nanoparticles for use in anti-

counterfeiting. 

o Photonic crystal: These are optical nanostructures in which the 

refractive index changes periodically, which can reflect a specific 

wavelength band at a given angle. It has been shown that reflection 

colors can be controlled by solvent evaporation [36–39]. 

o Semiconducting nanoparticles: There are many types of 

semiconducting nanoparticles including silicon nanoparticles, group III-V 

quantum dots, and carbon dots among others. Semiconducting 

nanoparticles possess Stoke and anti-Stoke emissions due to the 

valence band and the conducting band, suggesting their potential for use 

in security inks [40–43]. 

• Silicon nanoparticle: Due to their good stability properties, they 

are a good choice for use in anti-counterfeiting. By modifying 

silicon nanoparticles, it is possible to control their fluorescence by 

displaying different colors at different excitation lengths. The 

problem is that it requires energy expenditure to synthesize the 

nanoparticles [44,45]. 

• Group III-V or II-VI semiconductors: these nanomaterials are 

used especially in microelectronics. Currently, there is a lot of 

research in this field using core/multilayer quantum dots that 

depend on excitation, being able to adjust the desired color for 

use in anti-counterfeiting. The main disadvantage is the use of 

toxic ions, thus limiting the market in which these nanoparticles 

can be used [46–48]. 

• Carbon dots: Carbon dots are referred to as a group of carbon 

nanoparticles with a size of 10 nm. One of its main properties is 

both Stokes and anti-Stokes emissions and long persistence 

phosphorescence. These properties make it a good candidate for 



  Section II 

187 

use in anti-counterfeiting due to its high quantum yield and low 

toxicity [49–51]. 

o Metallic nanoparticles: These types of particles have unique optical 

effects such as the dependence of the absorption spectrum on the 

morphology and surface plasmon resonance. As a function of size, only 

a certain wavelength is excited and is able to map the absorption 

intensity [52,53]. 

o Lanthanide doped nanoparticles: In the last decades they are the most 

investigated nanoparticles. They have been developed as a new class of 

luminescent nanoparticles. Their main feature is that they exhibit unique 

luminescent properties such as tunable luminescence emission, 

excellent optical stability and long lifetimes (up to microseconds). Despite 

their good properties, rare earths are difficult to obtain and difficult to 

recycle [30], [54–57]. 

o Polymer dots: they have very good properties such as high 

photostability, high structural stability and are environmentally friendly. 

Their main feature is that they can have different colors visible under 

ultraviolet excitation, which allows the fabrication of multicolor structures 

for use as an anti-counterfeiting product. Polymer dots encompass either 

conjugated polymer dots or semiconducting polymer nanoparticles, 

which are nanoparticles prepared from organic polymers [58,59]. 

 

This Section focuses on a new category of nanoparticles that can be used for 

this purpose, the use of polymer nanoparticles that are neither conductive, nor 

carry organic dyes or rare earths anchored to them. This involves the design of 

polyester nanoparticles for its use as an anti-counterfeiting product, creating 

random patterns in the nanoscale deposited on different supports such as 

cardboard, glass or the same material from which the particles are made, also 

offering the ease of recycling. 

Printing technologies 

There are currently several techniques for nanoparticle, pattern and anti-

counterfeiting security printing, which are discussed below: 
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• Inkjet printing: This is the most widely used printing technique today. Its 

main advantages are the variety of substrates on which it can be used 

and the large dimensions in which it can be applied. In addition, it allows 

to recreate any image with identical reproducibility and allows mass 

production, which is very interesting at industrial level. It allows the 

creation of unique random patterns [52,60,61]. 

• Screen printing techniques: this is a technique in which ink is 

transferred to a substrate using a mesh with a template. It is a well-

established method for transferring nanoparticles for anti-counterfeiting. 

By choosing the right dispersion medium for the nanoparticles, they 

could then be deposited on various substrates such as polymers or 

paper [62–64].  

• Spray coating techniques: This is a technique in which a fine aerosol is 

formed by forcing a solution or printing ink through a nozzle. In this 

technique there are many parameters to consider such as the airbrush 

flow rate, the distance between the sample and the airbrush, the 

concentration of the solution, the type of solvent and the number of times 

it is sprayed. It is a very versatile technique used to create very 

homogeneous surfaces, forming films or nanoparticles [65–67]. 

In addition to these three mentioned, there are many more techniques such as 

stamping, photolithography technique, electrical nanoimprint lithography, drop 

casting among others.  

In this Section, we study the aerosol spray coating and manual drop deposition 

to create random patterns of polymer nanoparticles onto different substrates. 

Future changes and research line 

There are many challenges that need to be overcome for all the technologies 

mentioned above, one of the most important is the economic factor. Although 

the use of nanoparticles may allow products to be unique and irreproducible, if 

the cost of implementation is greater than the possible loss due to 

counterfeiting, there is no hope.  
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Nanotechnology research provides different ways to prevent product 

counterfeiting by creating unique non-clonable labels with characteristics at the 

nanoscale that are too complex to be duplicated. 

Many hidden technologies exist to create anti-counterfeiting systems, including 

hidden printed messages, watermarks, holograms, barcodes, security inks and 

others. Only few technologies and devices are capable of reading all the 

information, but currently the systems to read the labels are expensive and 

difficult to obtain. That is why this Section presents the design of non-clonable 

physical labels on a QR code that can be read in user mode with a cell phone 

and a specific application.  

The goal is to introduce this innovative nanoparticle system into industry and to 

be landed these systems have to be easily synthesized and deposited as well 

as use cheap recognition devices. Therefore, if an industry starts adopting 

these technologies, reducing costs and pollution, directly encourages other 

industries to adopt new technologies. 
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Polymeric nanoparticles have been developed from the commercial polymer 

pellet, providing new properties to the material. In particular, a change in the 

photophysical properties of the material has been demonstrated, offering the 

opportunity to address current issues in commercial product safety. 
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This first part of Chapter 4 summarizes the experimental part carried out 

within the company. This part shows the development of the research line 

and how each decision has been taken to first understand and then take 

actions to overcome the limitations in order to achieve the objectives of 

the company.  
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Why do we want to use a polymer as the support of anti-counterfeiting 

systems? 

The perfume market is limited in terms of container materials. The most widely 

used packaging so far is glass due to the excellent properties it provides, such 

as preserving the aroma of the product contained, it is a hygienic material that is 

easy to clean, odorless, can be colored and is recyclable. However, it has 

disadvantages, it is fragile and heavy material, its distribution is expensive, it 

consumes more fuel, which makes it pollute more. Therefore, it is important to 

find an alternative to glass for cosmetics containers.  

In today’s industry, some polymers have been used to replace parts of 

perfume/cosmetics containers. The intention is to use polymers due to their 

good properties in the industry such as low cost, easy manufacturing, chemical, 

solar and water resistance among other properties. 

The plastic containers used today as packaging in general, not focused on the 

perfume/cosmetics sector, are thermoplastic resins that can be melted when 

exposed to heat and hardened with cold. This reversible characteristic allows 

them to be thermoformed repeatedly. 

The advantages of these packages are that they are easily moldable, can 

tolerate high temperatures, can be reusable, are less expensive and are more 

resistant. 

But the world of plastics as packaging is not a perfect world, they have major 

disadvantages such as some materials are difficult to recycle, they remain in 

nature for years generating more pollution. If mixed with other families of 

plastics, low quality products are obtained after recycling. 

 

Which polymer is optimal for the desired application? 

Considering that the company's product, a new device for personal use, 

contains perfumes/cosmetics, it was necessary to evaluate which type of 

polymers were optimal for their design. The company's main requirements were 

that the material should be chemically resistant to perfumes and cosmetics, 
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easily moldable and rigid. Focusing on these requirements, we find two 

potential materials for its use.  

Materials 

- Methylene polyoxide or polyformaldehyde (POM): Delrin® DuPont. Is a high 

rigid semicrystalline thermoplastic, used in precision parts requiring high rigidity, 

low friction and excellent dimensional stability. 

 

Figure 4.1. Methylene polyoxide molecular structure 

- Poly cyclohexanedimethanol terephthalic acid (PCTA): Eastar™ copolyester 

AN014, Natural. Vitreous polymer, same sharpness and high brightness as 

crystal. High chemical and impact resistance. 

 

Figure 4.2. Poly cyclohexanedimethanol terephthalic acid molecular structure 

Once the most suitable polymers for the designed container have been 

selected, a physical characterization of the materials was carried out to provide 

the company with information on processing temperatures and fundamental 

properties 

Characterization 

Thermal stability 

In order to study the thermal properties of the polymers we used two different 

techniques: TGA and DSC. Figure 4.3 shows the TGA curve obtained, showing 

that the degradation process occurs at 393.8 °C for PCTA and 283 °C for POM. 
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In both polymers, a single step is observed in the curve, indicating that all 

polymer decomposes at the same time under a simple mechanism [1,2].   

 

Figure 4.3. TGA curves of A) PCTA and B) POM 

The thermal properties of both polymers were determined by DSC. The 

corresponding thermograms are shown in Figure 4.4. DSC measurements are 

recorded in the second heating cycle, the first cycle is performed to remove the 

thermal history of the polymer by applying a heating-cooling treatment.  

For PCTA, a Tg at 79 °C and a first exothermic process with a cold 

crystallization temperature of 174 °C are observed. In addition, a melting 

endotherm is found starting at 200 °C and ending around 240 °C. In the case of 

POM we observe that the Tg is much lower appearing at -67.8 °C and an 

endothermic melting process starting around 120 °C and ending at 200 °C . 

 

Figure 4.4. DSC thermograms of A) PCTA and B) POM 
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Table 4.1. Processing conditions for each material 

 Tg (°C) Melting temperature (°C) 
Degradation temperature 

(°C) 

PCTA 77.6 200-240 393.8 

POM -67.8 120-200 283.2 

Moreover, processability tests were also carried out at the laboratory to provide 

the company with information on the processing properties of the materials. 

First of all, we processed the materials assisted with a mini-extruder. Further, 

we also tested a higher mixing capacity processing technique such as the 

internal mixer. Finally, best results were observed by processing aided with a 

laboratory platen press under selected conditions of temperature, time, and 

pressure (Figure 4.5). Extrusion and internal mixing were discarded on one side 

due to difficulty in collecting the material; and on the other hand, because of the 

degradation processes occurred during the shearing.  

 

Figure 4.5. Equipment used for materials processing. A) Mini-extruder, B) 

Internal mixer, C) Automatic platen-press 

The company's objective was to obtain samples of 1 mm thickness, without 

heterogeneities and air bubbles occluded. In order to prepare the films, we used 

different molds in the platen-press, which were filled with the corresponding 

amount of the polymer pellets to be melted at high temperatures under pressure 

and then cooled to room temperature.  

Different temperatures were chosen to obtain films of each material, 200 °C for 

POM and 240 °C for PCTA. The first tests were carried out with a pressure of 

100 bar in both cases. It was observed that a homogeneous material was not 
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obtained due to the formation of bubbles inside the film or fluidity marks (Figure 

4.6). During POM processing, we observed an evolution of gases when opening 

the platen-press probably due to the formaldehyde formed during a possible 

degradation process [3]. Based on observations, an optimization on the 

processing of the materials was carried out with different pressure ramps, times 

and temperatures. Table 4.2 shows the optimum processing conditions for each 

polymer. 

Table. 4.2. Processing conditions for each material 

Polymer Temperature 
(°C) 

Pressure 
(bar / min) 

Cooling 
time 

POM 200 20, 40, 60, 70 bar for 1 min 30 s 

110 bar for 6 min 

6 min 

PCTA 240 

 

Figure 4.6. Photography of the processing problems found for both materials. 

A) POM B) PCTA 

All the results described above were studied within the company. Finally, due to 

the degradation temperatures and its transparency, PCTA was chosen as the 

optimal material for packaging. Once the packaging material was selected, the 

next step addresses the study of its mechanical and chemical degradation 

properties according to the following standards. 

- ASTM-D543-95: Chemical and resistance evaluation.  

- ASTM-D638-14: Mechanical properties. 
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For both tests, it was necessary to order custom-made molds that complied with 

the measurements of the standard tests (Figure 4.7). 

 

Figure 4.7. Mold designed for testing under chemical resistance and 

mechanical properties standards 

Chemical resistance or degradation 

To evaluate the resistance of plastics to chemical reagents, at least three 

samples were used and tested for each reagent. In this case, as the company's 

interest is to know the resistance of cosmetic products and perfume, two types 

of perfumes, one with floral fragrance and the other with citrus fragrance were 

used as reagents. 

The chemical resistance measurements are performed on halter type test tubes 

with the above specifications, where the polymer is immersed in the perfume for 

different time intervals, 24 h, 1 week and 16 weeks. Before immersion, five dry 

PCTA reference samples are marked with a small cut (for late identification) and 

all its dimensions, weight and length of the sample, length, width and thickness 

of the neck are measured, and their appearance, color, gloss, transparency is 

noted. 

After each immersion, specimens are quickly dried with dust-free tissues and 

evaluated for variations in mass, dimensions, and appearance. 
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Only the weight of the samples changed, although it did not vary with immersion 

time. Thus, an increase of 0.15 and 0.3 wt.% for the floral and citrus perfumes, 

was measured, respectively. No variations were observed in the dimensions of 

the samples nor in their appearance, brightness, color, transparency, 

appearance of cracks, sticky aspect. 

Mechanical properties 

The effect of immersion in the perfumes on the tensile behavior of the samples 

is evaluated (Table 4.3). Tensile tests are performed with a universal testing 

machine (Instron 3366) equipped with a 1 kN load cell. Samples were stretched 

until failure at a constant strain rate of 10 mm/min at a room temperature. At 

least five samples are analyzed for each material. The typical stress-strain 

curves of PCTA are shown in Figure 4.8.  

 

Figure 4.8. Raw PCTA tensile stress-strain curves 

In all cases the same trend is observed, with some specimens from each study 

batch breaking directly and others taking longer. This effect may be due 

because the grippers used for the study do not always grip the specimens well, 

even though rough grippers are used to ensure the grip of each specimen. The 

polyester has a clear elastic limit before failure, which indicates that they are 

resistant materials [1]. 
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In order to study the effect of perfume on the mechanical properties, Figure 4.9 

shows the stress-strain curves of the raw material and of the different perfumes 

with different immersion time periods of the specimens. The results show a 

difference in the percentage of elongation at break as a function of the perfume 

used in the immersion due to their essences. The elongation at break of the 

samples immersed in the floral perfume is lower than those of the citrus 

perfume. This difference may be related to that the citrus essence behaves as a 

lubricant and the volatiles in the floral scent generated cavities which cause the 

material to break [4] 

 

Figure 4.9. PCTA tensile stress-strain curves under different conditions. A) 

Samples immersed in floral perfume for different periods. B) Samples immersed 

in citrus perfume for different periods 

The mechanical properties of a container are very important, but there is little 

information on the possible chemical-physical modifications of the containers on 

the interactions between the formulations and the containers [5]. It is usually 

very difficult to know patented chemical formulation contained in a perfume. 

This added to the fact that it is a previous characterization of the possible 

material to be used as perfume packaging. The final packaging is not only made 

of this material, but also usually contains antioxidants and additives. Therefore, 

these same experiments should be carried out with the final packaging of the 

production process. This study has collected the results of the mechanical 

properties as predictive parameters for the company. 
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Table 4.3. Effect of immersion in perfumes on the tensile behavior of samples 

Polymer 
Elongation 

break 
(%) 

Tensile 
strength 
(MPa) 

Young´s modulus 
(MPa) 

PCTA 74 ± 42 30 ± 2 894 ± 47 

Floral  
perfume 

1 day 80 ± 30  31 ± 4 844 ± 25 

1 week 72 ± 23 20 ± 3 882 ± 24 

16 weeks 87 ± 18 27 ± 3 936 ± 14 

Citrus  
perfume 

1 day 110 ± 26 32 ± 2 836 ± 52 

1 week 100 ± 40 25 ± 10 838 ± 20 

16 weeks 130 ± 20 28 ± 6 908 ± 71 
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Next, the second part of Chapter 4 is presented, where the anti-

counterfeiting system is developed to the company. 
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Abstract 

Functional polymeric materials have evolved rapidly due to the development of 

modern technologies that require an unusual combination of properties that 

cannot be provided by polymers. Thermoplastic polymers are flexible providing 

good mechanical properties but are devoid of other properties that would make 

them more attractive, such as intrinsic luminescence. By incorporating PCTA 

particles with luminescent properties due to aggregation induced emission (AIE) 

phenomenon, multifunctional composites with the typical properties of 

thermoplastic polymers and optical response to UV-visible light are obtained.  

When the particles are dispersed in a solvent such as methanol, an increase in 

luminescence is observed. Confocal fluorescence microscopy demonstrates the 

fluorescent behavior of the particles contained in the film. These results may be 

used to develop a new polymeric system for traceability and anti-counterfeiting 

applications. 
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Scientific background and state of the art 

The fight against counterfeiting is an old issue [6,7], but it has been during the 

last decade when research works have been increasingly published exploring 

the complexity and singularity of nanostructures may provide the possibility of 

addressing effective solution for anti-counterfeiting applications [8–10]. 

As detailed in the introduction of Section 2 (page 34), up-to-date there are 

different types of nanostructures or nanoparticles as the most representative for 

use in anti-counterfeiting (metallic, lanthanides, carbon, silicon, etc.). 

Nowadays, few research works have investigated the use of non-conductive 

polymers or non-fluorescence polymers as entities in the design of 

nanoparticles in areas as for instance bioimaging, organic light-emitting diodes 

(OLEDs), light-emitting electrochemical cells (LECs) or anti-counterfeiting [11–

14].  

Different chemical mechanisms have been reported in the literature that detail 

the photophysical properties of nanomaterials to overcome the aggregation-

caused quenching problem (ACQ) [15–18]. The concept of aggregation induced 

emission (AIE) was introduced by Tang et al. in 2015 [19], providing 

fundamental insights into the photophysical processes and the ACQ of 

conventional aromatic luminogens [20]. Currently the development of new AIE 

luminogens for various applications is a hot topic [21,22].  

Recently, some unconventional luminogens such as non-conjugated polymers 

based on saturated C=C, C=O or C=N chains or those possessing electron-rich 

groups such as N, S, O, P with free lone pairs, can form aggregates and emit in 

the visible have attracted attention for their clustering-triggered emission 

mechanism (CTE) [23]. Therefore, the clustering of unconventional luminogens 

generates a bright PL due to the effective short contacts between the electron-

rich parts and increases the overlapping of electron clouds, leading to rigid 

conformations and the formation of an extended electron conjugation. Because 

of of intra- and intermolecular interactions, the emission of luminogens depends 

on sufficient through space conjugation (TSC) of diversified groups of 

subgroups [24]. 
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Moreover, Tang et al. [25] studied the crystallization-induced dual emission 

(CIDE) of certain aromatic acids and esters such as terephthalic acid (TPA) and 

dimethyl terephthalate (DMTPA) under environmental conditions. It has been 

shown that crystallization of a non-conjugated polymer can also induce 

emission. Furthermore, Yuan et al. [26] demonstrated in 2018 crystallization-

enhanced emission from polyethylene terephthalate (PET) that also showed 

concentration- and AIE-enhanced properties. The results showed that 

conformational rigidification enhances the luminous efficiency of PET films. 

Such emission can be explained by the CTE mechanism, as the electronic 

conjugation through the space of the terephthalate groups leads to extended 

delocalization. 

Based on the results obtained with PET, a sort of commercially available PCTA 

with good crystallization ability is thus also expected to behave similarly. The 

polymer synthesized by using 1,4-cyclohexanedimethanol (CHDM) and 

dimethyl terephthalate (DMT) as monomers via polycondensation PCTA is 

obtained, which was discovered and developed at Tennessee Eastman in 1959 

by Kibler et al. [27] and was commercialized as Kodel® fiber. Furthermore, the 

modification of crystallinity in PCTA with isophthalic acid is the basis of the 

PCTA, family of commercial resins with the trade name of Durastar® [28]. On 

the other hand, transparent thin-film luminescent materials are promising for 

many technological applications such as photovoltaic cells, photoluminescent 

displays, optical writing and multilayer optical storage [29–33]. In all cases, high 

quality transparent optical materials are required to reduce the loss of incident 

light [34]. 

The aim of this industrial research project is the preparation of multifunctional 

materials and control the processing for the formation of a new morphology with 

specific photophysical properties for its application in the packaging industry as 

anti-counterfeiting and traceability systems. The preparation of a novel system 

based on aggregated polymeric PCTA nanostructures supported on a 

thermoplastic material has been developed. These materials can be processed 

at high temperatures using injection molding technologies to directly incorporate 

the nanoparticles into packaging in the cosmetics and perfumery sectors (safety 

system). 
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Experimental Methods 

The shape and dimension of the synthesized nanoparticles polymer were 

studied by scanning electron microscopy (SEM) using a XL30ESEM Philips at 

an accelerating voltage of 25 kV. For SEM studies, the polymer was dissolved 

in different solvents and were dispersed by ultrasound. The nanoparticles were 

deposited by spray coating 1 g·l-1 on a PET film.  

The average particle size of the nanoparticle polymer was measured by 

Dynamic Light Scattering (DLS) using a Malvern Nanosizer NanoZS Instrument 

equipped with a 4 mW He-Ne laser (λ = 633 nm) at a scattering angle of 173°. 

Different samples were measured in square polystyrene cuvettes (Sarstedt®) at 

25 °C. The autocorrelation function was converted in an intensity particle size 

distribution with ZetaSizer Software 7.10 version, based on the Stokes-Einstein 

equation.  

The polymer compositions were measured with proton nuclear magnetic 

resonance (1H-NMR) using a Varian Mercury of 500 MHz (at=1´´; dl=7´´, 45 °C) 

taking a sample of 5 mg and added of 1 ml of deuterated trifluroacetic acid 

(TFA) (Sigma-Aldrich).  

Infrared spectra were recorded by ATR (Attenuated Total Reflection) using a 

Fourier transform infrared spectrometer, Perkin Elmer Spectrum One, scanning 

from 400 cm-1 to 4000 cm-1 with a resolution of 1 cm-1. 

Differential Scanning Calorimetry (DSC) of the PCTA particles were studied 

using a Netzsch DSC 214 calorimeter with standardized aluminum sample 

holders and caps. Samples (5-10 mg) were analyzed in N2 atmosphere from 0 

°C to 290 °C, at a rate of 10 °C·min-1, and Tg determined from second heating 

scan.  

Thermogravimetric analysis (TGA) were carried out on a TA Instrument Q-500, 

using a heating ramp at 20 °C·min-1 from 25 °C to 700 °C, in nitrogen and air 

atmosphere. 

UV spectra were monitored by using a Perkin Elmer model Lambda 35 

spectrophotometer over the range 200-700 nm spectrum region. Fluorescence 
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spectra were recorded using a Perkin Elmer LS 55 and corrected using the 

response curve of the photo-multiplier.  

Fluorescence confocal microscopy were measurement with SM710 spectral 

confocal microscope (Zeiss). It consists of an inverted transmitted light and 

epifluorescence microscope Observer.Z1 coupled to a spectral confocal system 

with 6 laser lines (405, 488, 458, 514, 561 and 633 nm). The available 

objectives are Plan-APOCHROMAT (10x/0.45 DIC, 25x/0.8 mm Korr DIC, 

40x/1.3 Oil DIC, 63x/1.40 Oil DIC). The image acquisition and analysis software 

is Zen 2.3 SP1. Micrographs were analyzed with the ImageJ software. 

Results and discussion 

Synthesis of PCTA nanoparticles 

As discussed in the introduction of this Ph.D. Thesis, there are two different 

ways to obtain nanomaterials. In this case, we have focused on the synthesis of 

nanoparticles by top-down methodology. This involves reducing the size of 

macrostructures, in this case the pellet of the material until nanoparticles are 

obtained. For this purpose, two different methodologies have been tested. The 

objective is to obtain polymeric nanoparticles with a homogeneous distribution 

that have the same thermal properties as the pellet in order to facilitate their 

subsequent recycling. 

On the one hand, a synthesis methodology for PET nanoparticles has been 

used while maintaining the original chemistry of the material [35]. The PCTA 

used for the synthesis of the nanoparticles is from the pellet provided by 

Eastman Company. 1 g of PCTA pellet is introduced in 10 ml of trifluoroacetic 

acid (TFA, Sigma-Aldrich) (90 %) at 50 °C and stirred for 2 h until is completely 

dissolved and kept in agitation overnight at room temperature. In order to 

precipitate the nanoparticles, 10 ml of a dilute TFA solution (20 % v/v) is added 

under vigorous stirring, kept for 2 h and then stored overnight. Subsequently, 

the solution is centrifuged at 3500 rpm for 1 h and the supernatant is removed. 

Then, the solid is resuspended in 10 ml of water and sonicated by 5 min. 

Subsequently a 0.5 % solution of sodium dodecylsulfate (SDS, Sigma-Aldrich) 

is added and it is taken to a 250 ml test tube where it is volumetrically calibrated 



Chapter 4 

    

218 

to this volume. The nanoparticles are then allowed to settle in the flask 

overnight. The following day different fractions are observed and separated 

every 50 ml, centrifuged and the supernatant is removed. The resulting solid is 

washed with anhydrous ethanol in the centrifuge and allowed to dry completely 

to obtain the final particles. Aliquots of each fraction are taken to be studied by 

DLS to evaluate the particle size effect (Figure 4.10). The procedure for the 

nanoparticles preparation takes 4 days. 

 

Figure 4.10. Different fractions are observed and separated every 50 ml 

On the other hand, the other synthesis proposed is by nanoprecipitation. 1 g of 

PCTA was dissolved in 50 ml of DMSO (Sigma-Aldrich) at high temperature for 

1 h. The solution was then slowly added in 500 ml of methanol (Sigma-Aldrich) 

under vigorous stirring. The white precipitates were collected by filtration with a 

sand cone funnel and a polytetrafluoroethylene (PTFE) membrane. They were 

then washed with methanol three times and dried under vacuum. 

In order to have a better control of the nanoparticles synthesized by this 

method, the following parameters have been considered: temperature of the 

precipitation medium, precipitation solvent and dispersion solvent of the 

nanoparticles.  
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For the first parameter, three different temperatures have been selected: 

- Room temperatura 25 °C (RT)  

- Ice temperature 0 °C (I) 

- Dry Ice -78 °C (DI) 

For the case of precipitation two solvents have been studied: 

- Methanol (polar) 

- n-Pentane (non-polar) 

Finally, for the dispersion medium, different polar protic and aprotic solvents 

and apolar solvents have been studied: methanol (M), ethanol (E), ether 

petroleum (EP), diethyl ether (EP) and N-pentane (P) 

All conditions are given in the following Table 4.4. 

Table 4.4. Conditions used for the synthesis of polymeric nanoparticle 

dispersions 

 
Temperature  

Dry Ice Ice Room Temp. Solvents 

Precipitates in 
methanol 

M-DI-M M-I-M M-RT-M M 

M-DI-E M-I-E M-RT-E E 

M-DI-EP M-I-EP M-RT-EP EP 

M-DI-DE M-I-DE M-RT-DE DE 

M-DI-P M-I-P M-RT-P P 

Precipitates in 
n-pentane 

P-DI-M P-I-M P-RT-M M 

P-DI-E P-I-E P-RT-E E 

P-DI-EP P-I-EP P-RT-EP EP 

P-DI-DE P-I-DE P-RT-DE DE 

P-DI-P P-I-P P-RT-P P 
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Nanoparticles Characterization 

Thermal Stability 

The thermal properties of the micro/nanoparticles have been studied to consider 

the possibility of processing them together with the plastic used for industrial 

packaging. A thermogravimetric analysis has been performed to know their 

thermal properties (Figure 4.11). It is observed that for the synthesis with TFA 

the nanoparticles begin to degrade at 348 °C, while by nanoprecipitation they 

begin to degrade at 365 °C, a difference of almost 20 °C. Considering the 

degradation temperature that marks the derivative, only a difference of 3 °C is 

observed. 

These results are different in relation to PCTA pellet as previously shown in 

Figure 4.3 [26]. On the one hand, the degradation temperature for the 

nanoparticles is 20 °C lower. On the other hand, it is observed that from 400 °C 

another process of mass loss appears, appreciating that its thermal stability 

increases. The decrease in the decomposition rate that occurs in the 

approximate range of 17 % could be attributed to the degradation of the 

terephthalate groups that are stacked when forming the nanoparticles and have 

large electronic clouds that need higher temperature to decompose. It is proved 

that nanoparticles can behave differently in the thermal stability of polymers 

[36]. 

A differential scanning calorimetry (DSC) test was also performed, using the 

same program used for raw polymers. It can be observed that in the second 

heating scan, different results are obtained depending on the syntheses carried 

out. In the case of the synthesis of TFA, it is observed that its Tg is 75 °C, and a 

melting temperature endotherm starting at 140 °C, obtaining its maximum at 

225 °C and ending at 243 °C, being a very wide temperature range (Figure 

4.12A). On the other hand, the nanoparticles synthesized by nanoprecipitation 

have a Tg at 81.9 °C, and in this case a cold crystallization process is observed. 

In addition, the melting temperature in this case begins at 190 °C and ends at 

243 °C obtaining a maximum at 225.9 °C (Figure 4.12B).  
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Figure 4.11. Thermogravimetric analysis in air atmosphere of PCTA 

nanoparticles synthesized by. A) TFA synthesis method. B) Nanoprecipitation 

method 

 

Figure 4.12. Differential scanning calorimetry (DSC) curves of PCTA 

nanoparticles synthesized by A) TFA, B) Nanoprecipitation method 

Differences are observed by both methods; TGA and DSC results. Expected 

results would show nanoparticles with high melting and degradation 

temperatures, therefore the nanoprecipitation synthesis is selected for the rest 

of the studies. 

In addition, when comparing the nanoparticles synthesized by nanoprecipitation 

with the commercial pellet by DSC, a similar structure is predicted with Tg 

values close to 80 °C and with a light decrease in the Tm of approximately 4 °C 
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(Figure 4.13). This difference does not represent any inconvenience when 

treating the nanoparticles with the virgin polymer at industrial level. 

 

Figure 4.13. Differential scanning calorimetry (DSC) curves of PCTA pellet and 

PCTA nanoparticles 

Compositional and morphological characterization 

Once the synthesis method and its optimal conditions were selected, a 

compositional and morphological characterization was carried out by using 

different techniques.  

1H-NMR was used to determine the chemical composition of the synthesized 

nanoparticles as shown in Figure 4.14A. The 1H-NMR spectrum featured the 

peak at 8.76 ppm is the characteristic peak of protons in the benzene ring and 

stands for the total molar content of the acidic moieties. Chemically displaced 

partitions at 4.9 and 5.0 are attributed to the resonance peaks of methylene 

protons in CHDM moieties with cis and trans conformation. The signals of the 

methylidene group at 1.93-2.03 ppm, and 1.16-1.81 ppm the signals of the 

methylene protons. These signals are further apart in the spectrum due to the 

presence in the polyester chain of cis- and trans- configurations of the 
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cyclohexylene group. Based on the 1H-NMR spectra, the copolymer 

compositions can be determined from the respective peak areas where it is 

confirmed that there is a percentage of 63 % trans and 36 % cis.  

The structure of PCTA nanoparticles is also confirmed by a FTIR spectrometer. 

Figure 4.15B shows the spectrum of PCTA, showing the characteristic signals 

of this polymer. C=O stretching peak and ester group skeleton peak are 

observed at 1715 and 1268 cm-1, respectively. The C–O–C skeleton 

asymmetric vibration of soft segment, CH2 bending vibration, C–H stretching 

vibration of cyclohexylene ring and C–H vibration of benzene ring appear at 

1104, 1454, 958 and 727 cm-1, respectively. 

 

Figure 4.14.  A) 1H-NMR spectra and characteristic peak assignment of PCTA 

(63.6 % trans; 36.3 % cis). B) FTIR spectra of PCTA solid particles 

Dispersion Stability 

Nanoparticles precipitated in n-pentane do not disperse homogeneously in any 

of the solvents listed. However, nanoparticles precipitated in methanol disperse 

in methanol and ethanol (Figure 4.15). 
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Figure. 4.15. Dispersion stability of nanoparticles synthesized by 

nanoprecipitation in methanol in the different solvents studied 

Therefore, the study focuses on nanoprecipitation in methanol. Nanoparticles 

are more stable dispersed in polar solvents such as methanol and ethanol, 

while for the rest of solvents such as EP, DE and P a stable dispersion is not 

obtained. Therefore, the optimal conditions to obtain stable polymeric 

dispersions have been found by using methanol and/or ethanol.  

Morphological and size characterization 

The particle size and distribution for PCTA nanoparticles were studied by DLS 

and SEM analysis. Figure 4.16 shows the results obtained by DLS at a 

concentration of 1 g·l-1 of the nanoparticles precipitated in methanol and 

dispersed in ethanol or methanol as the two solvents with highest stability. In 

addition, the different precipitation temperatures are shown to understand the 

effect on the particle size. As can be seen, in both cases larger nanoparticle 

sizes are obtained when precipitated at room temperature regardless the 

solvent used to disperse. For temperatures at 0 °C and -78 °C the same particle 

sizes are obtained. Both solvents can be used for the study, and it was decided 

to use the -78 °C temperature in order to have more control in the synthesis.  

Figure 4.17 shows the environmental scanning electron microscopy (ESEM) 

images of the polymer nanoparticles studied in this Chapter. A dispersion of 1 

g·l-1 concentration of PCTA nanoparticles was prepared in ethanol and 

methanol, then the dispersion is sprayed on one side of a PET film and the 

solvent is allowed to evaporate for less than 5 min. The nanoparticles show a 

spherical morphology in the nanometer range (160-200 nm), although some 

micrometer aggregates (analyzed with ImageJ) are also found.  
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Figure 4.16. Hydrodynamic diameter distribution determined by dynamic light 

scattering of the prepared dispersions in A) ethanol, and B) methanol at 

different temperatures 

 

Figure 4.17. SEM images of the synthesized PCTA nanoparticles on a PET 

film. A-B) nanoparticles dispersed in ethanol 1 g·l-1 at different magnifications. 

C-D) nanoparticles dispersed in methanol 1 g·l-1 at different magnifications 
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Photophysical characterization 

A photophysical characterization is carried out in order to understand the 

luminescent properties of the newly designed nanoparticles. The emission and 

excitation fluorescence spectra of the nanoparticles in MeOH at different 

concentrations have been measured. 

The absorption spectrum of ultraviolet light increased with increasing 

concentration (Figure 4.18A). When dissolved in methanol, dilute PCTA 

solutions emit weak UV light at around 220 and 290 nm, which is attributed to 

the π→π* electronic transitions of the aromatic rings of the polymers. As the 

concentration increases, larger aggregates of the particles are formed and 

therefore the absorbance increases. A tail appears around 380 nm implying the 

presence of aggregates due to the terephthalate groups [19,26]. The 

phenomenon could be due to the electronic delocalization system by clustering. 

The absorption peaks showed a red shift with increasing concentration. This 

broad absorption band can be related to phenyl groups which is consistent and 

assignable to the emission of individual terephthalate units [26].  

By comparing Figure 4.18A and B, it can be seen that the absorption and 

emission spectra are different. Normally the absorption and emission spectra 

have the same curve shape only shifted in the spectrum. In this case, the 

opposite is validated, the peaks of longer wavelength of their excitation are not 

detectable in the absorption spectrum. 

As seen in the Figure 4.17B when excited at 215 nm, the intensity of the peak at 

370 nm reaches a maximum at the 2 g·l-1 concentration and then decreases, 

showing the typical concentration quenching effect. This quenching must come 

from the strong aggregation of the aromatic rings in concentrated solutions for 

which these wavelengths are no longer optimal. In addition, multiple emission 

maxima are observed at 422, 481, 526, 627 nm. The same effect occurs when 

excited at 280 nm. 

From 5 g·l-1 a decay in the intensity is observed, initially it is thought that it could 

be because of ACQ. It is presumed that in solution, when the concentration is 

increased, the luminescence increases due to aggregation (AIE). In this case, 

from a certain concentration, the opposite happens. It could be thought that 
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from a certain concentration the particles stack up having more π-π stacking of 

the aromatic ones in a planar form explaining this decay. To understand what 

happens, this study is supported by a particle size characterization by DLS. 

When the concentration is increased from 2 g·l-1 to 5 g·l-1 there is a decrease in 

particle size. It is proposed that this is due to the aggregation of the 

nanoparticles as the concentration increases and they precipitate at the bottom 

of the cuvette, so their actual size is not measured. It is assumed that the same 

behavior happens when the luminescence measurements are performed in the 

fluorimeter. As the concentration increases, the nanoparticles precipitate and 

that is why the increase in intensity with increasing concentration is not 

observed. All this is corroborated by studying the stability of the nanoparticles 

over time at different concentrations, observing how from a concentration of 5 

g·l-1 they begin to precipitate. 
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Figure 4.18.  A) Absorption spectra PCTA nanoparticles in MeOH at different 

concentrations. B) Emission spectra at different concentrations of PCTA in 

MeOH C) Schematic illustration of nanoparticles clusterization when increases 

the concentration and hydrodynamic diameter distribution determined by 

dynamic light scattering of the prepared NanoPCTA sample in MeOH 

As shown in Fig 4.19 it possesses little luminescence when the nanoparticles 

are dissolved in good solvents and its PL spectrum in dilute THF solution is 

weakly intense. However, an increase in PL intensity is seen under the same 

conditions when a MeOH is added to the THF solution. When the methanol 

fraction is 90 %, the fluorescence of the nanoparticles increases, the emission 

gradually intensified with increasing amount of MeOH, showing typical AIE 

behavior.  
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Figure 4.19. A) Photographs of PCTA in THF/MeOH mixtures with different 

MeOH fractions taken under a hand-held UV lamp with 365 nm illumination. 

Fluorescence emission spectra of PCTA (1g·l-1) in mixture of THF and MeOH B) 

λexc = 215 nm C) λexc = 280 nm  

When we excite at different wavelengths, different emission spectrum is 

observed for each excitation length. For a 1 g·l-1 solution different peaks are 

observed at 372,422, 481, 526, and 627 nm with different excitation lengths 

(Figure 4.20). A dependence of the emission on the excitation is observed 

suggesting the presence of heterogeneous excited states. Terephthalate 

segments in the amorphous zone may be forced to interact with each other to 

generate new clusters with effective electronic communications across space 

such as short π-π, CO---π, O---O, and O---CO contacts, which give rise to 

heterogeneous populations with different effective conjugations and, therefore, 

different emissions. 
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Figure 4.20. PL emission spectra of PCTA nanoparticles in MeOH 1 g·l-1 at 

different wavelengths excitation 

A fluorescence microscopy characterization of PCTA nanoparticles has been 

carried out. They have been studied in two different ways, on the one hand, in 

solid form, and on the other hand, in methanol dispersion. The multilayer 

technique has been used for this study, depositing the particles inside a 

sandwich formed by PET-adhesive-PET. The multilayer technique uses 

different sheets of thermoplastic aromatic polyester or a thermoplastic polyolefin 

to form a package, with an adhesive sandwiched between them to create a 

sandwich structure. These sheets can then be shaped into any desired design. 

We deposit the nanoparticles between the layers so that the aggregates are 

embedded in the packaging. For the deposition of the particles in dispersion, it 

has been done by drop-casting, subsequently allowing the drop to evaporate 

and closing the sandwich. In the case of the solid particles, they were deposited 

directly on the adhesive, ensuring a good fixation and then the multilayer 

structure was created. Fluorescence microscopy images show that both for 

solid state and when a dispersion of the nanoparticles is created to obtain 

smaller aggregates, they emit in the green, orange and red under different 

excitation wavelengths.  In this case, 545 nm excitation has been used and 

collected with a 580 nm emission filter in front, where the red is collected. Also, 



  Section II 
 

231 

an excitation of 450-500 nm has been used and with emission filters of 510 nm 

forward and 540-575 nm where yellow and green are collected respectively 

(Figure 4.21).  

 

Figure 4.21. Fluorescence microscopy of PCTA nanoparticles in 3 layers 

Fluorescence microscopy images at different excitation and emission lengths. 

The fluorescence images of first, second, and third column were collected in red 

channel (from 580 nm and up, λex = 545 nm), orange channel (from 510 and up 

nm, λex = 450-500 nm), and green channel (540-575 nm, λex = 450-500 nm). A) 

Powder; B) Drop casting 

In addition, in previous studies performed in confocal fluorescence microscopy 

equipment, it was observed that it also emits blue when excited at 405 nm and 

collected between 420-500 nm (Figure 4.22). In the first study performed in the 

confocal fluorescence microscope, different excitation wavelengths were used 

than those used later in the fluorescence microscopy equipment, this was 

because the studies were performed in different research centers that had 

different excitation sources. Having the opportunity to use both devices has 

allowed us to obtain a deeper characterization of the nanoparticles under study.  
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Fig 4.22. Fluorescence confocal microscopy of PCTA nanoparticles in 3 layers. 

The fluorescence images of first, second, and third line were collected in blue 

channel (420−500 nm, λex = 405 nm), green channel (500−570 nm, λex = 488 

nm), and red channel (570-640 nm, λex = 561 nm. The last column is a 

composite images of blue, green, red channels 

Between the two characterizations, the following observations were taken for 

determining: 

- The absence of fluorescence coming from the PET film and PCTA film 

measured in the areas where there are no nanoparticles added.  

- Depending on the wavelength used for excitation, the particles emit in 

different areas of the visible spectrum. 

- For the case of confocal fluorescence microscopy, excitations of 405, 

488 and 561 nm have been used, and emission in blue, green and red 

has been collected. 
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- In the case of fluorescence microscopy, excitations of 450-500 and 545 

nm were used, and emission was collected using different emission 

filters in green, orange and red. 

- Luminescence was observed both in the particles deposited as powder 

and those deposited by drop-casting. 

 

Discussion of the mechanism 

Being a type of non-conjugated polymer, PCTA nanoparticles do not have 

conventional conjugated chromophores, so it is important to understand the 

origin of the luminescence. 

As suggested by Tang et al. [37,38] the fact that the CTE process occurs may 

be due to different processes such as, for example, that the chemical structures 

are apparently non-conjugated and that the functional groups without π-electron 

bonds are separated by a saturated backbone with sigma bonds. They also 

suggest that when the polymer is dissolved at low concentrations, luminescence 

does not occur. The absorption and excitation spectra are different, the longer 

wavelength peaks of their excitation spectra are not usually detectable as a 

significant feature in the absorption spectra. The wavelength of their emission 

depends on the excitation, where excitation at longer wavelengths results in red 

emission. 

Several points have been justified that are due to CTE processes: 

- Non-conjugated group with non-bonding or π-electron are separated by 

saturated backbone as CHDM. 

- Absorption and excitation spectra are different 

- Excitation dependent 

- Multicolor emission resulting from different wavelength 

 

The mechanism for understanding the CTE process can be explained by the 

TSC model. The TSC process proposed by Tang et al. [37,39] can be easily 

understood. It justifies that the better the degree of delocalization of the system 

and the closer the components are, the greater the interaction between them. 

Especially for systems with electron-rich atoms. 



Chapter 4 

    

234 

The polymer has several electron-rich subgroups such as O with lone electron 

pairs and unsaturated C=O. These groups exist as a common non-emitting 

organic group. However, when connected in macromolecules or clusters, they 

can give emission when aggregated. The CTE mechanism can explain the 

photophysical processes of these unconventional systems, the clustering of 

diverse groups with subsequent electron cloud and molecular rigidification [38]. 

Through-space conjugation (TSC) together with through-bond conjugation can 

explain these unusual aggregation-induced emission (AIE) systems 

[26,37,38,40]. Aromatic benzene rings from different molecules can be stacked 

in parallel creating a delocalized electron cloud allowing the TSC effect to occur. 

As this occurs, the gap is reduced giving a red shift to emission. Therefore, the 

fluorescence may be the result of the tightly packed structure of the polymer 

and rigidly hold the aromatic chromophores.  

As observed in fluorescence microscopy there is emission in different regions of 

the spectrum when different wavelengths are excited, which is justified by Tang 

et al. [23] that emissions are excitation dependent, when high wavelengths are 

used to excite the polymer, a red shift is observed. It is possible that this is due 

to conjugation through the space between the aromatic rings of the PCTA. 

In summary, the fluorescence of PCTA particles can be explained by the CTE 

mechanism. The polymer's terephthalate groups, as well as the carbonyl 

groups, are clustered in close proximity to each other allowing electronic 

communications through space (TSC), including the overlapping of pi electrons 

forming an extended electronic conjugation. 

It is aimed to explain the effect of the nanoscale on the luminescent properties. 

The difference between having the polymer isolated and obtaining the 

nanoparticle is that the energy gap from the excited state to the ground state 

decreases.  

It is assumed that the delocalized π electrons and lone pair electrons isolated in 

the polymer could form a variety of intrachain clusters. These π electrons and 

lone pair electrons could further delocalize through n- π and π - π interactions 

in the clusters [14]. This aggregation with shared and overlapping electron 



  Section II 
 

235 

clouds could exhibit extended conjugations and smaller energy gaps (Figure 

4.23). 

Also, after aggregation, the non-radiative deactivation pathways of excitons are 

impeded due to rigid conformations resulting from effective inter- and 

intramolecular interactions. Consequently, the exciton wavelength-dependent 

emissions of the aggregates should be attributed to the heterogeneity of the 

synthesized nanoparticles. 

The formation of cluster luminescence occurs between the carbonyl groups and 

the phenyl groups. The aggregation causes a vibrational restriction to occur, 

thus reducing non-radiative processes. The red shifts may be due to n- π* 

between the carbonyl groups. It appears that the presence of carbonyl groups 

and phenyl groups is a prerequisite for emission [41].  

 

Figure 4.23. Schematic illustration of CTE mechanism via TSC 

An XPS study is performed to evidence TSC due to the ester groups in the 

cluster when the nanoparticles are prepared, and to understand the difference 

in polymer properties when they are in film/specimen test format and when they 

are as nanoparticles. It helps to understand how the properties of a material 

change at the nanometer scale (Figure 4.24). 
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TSC through the terephthalate groups is vital to generate emission at higher 

wavelengths. One of the ways to study this is by XPS. If we compare the results 

obtained from the particles together with the specimen test. The XPS analysis 

of C1s of the particles indicates the presence of different components with 

binding energies of 284.47, 285.6, 286.33 and 288.9 nm corresponding to C=C, 

C-C, C=O, O=C-O respectively [26]. While for the specimen the contribution 

due to the O=C-O group is vanished. As for the study carried out for the binding 

energies of the O1s peak of the O=C, O-C and H-O-H units, different shifts of 

the signal corresponding to the C-O bond from 533.01 eV of the particle to 

532.34 eV of the specimen, with a shift of 0.7 eV, are observed. These shifts 

indicate the increase of the electron cloud density of the terephthalate group in 

the particles, which is further evidence of electronic communications between 

the ester groups in the clusters due to a CTE mechanism via TSC. 

 

Figure 4.24. XPS spectra of A) and B) particle C1s and O1s; C) and D) spectra 

of test specimen C1s and O1s 
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Conclusions 

Functional polymeric materials have evolved rapidly due to the development of 

modern technologies that require an unusual combination of properties that 

cannot be provided by polymers. Thermoplastic polymers are flexible and 

characterized by their mechanical properties but lack other properties that can 

make them more attractive such as intrinsic luminescence. By incorporating 

PCTA particles with luminescent properties due to aggregation induced 

emission (AIE), multifunctional composites with the typical properties of 

thermoplastic polymers and optical response to visible light are obtained. 

In this work, a preparation of fluorescent nanoparticles of non-conjugated 

polymer with aggregation induced emission (AIE) by nanoprecipitation has been 

described. A series of characterization techniques have been carried out to 

certify the success of the nanoparticles without losing their initial properties as 

starting pellets. These nanoparticles have shown fluorescence in several 

regions of the spectrum, showing evident characteristics of CTE due to TSC. 

These nanoparticles can be excited with different wavelengths, collecting 

emissions in different ranges of the spectrum (blue, green, orange and red) 

being more intense in the red region. These nanoparticles show an excitation 

dependence in the emission. Considering the results, it is believed that it can be 

a good candidate to use these nanoparticles in the traceability and anti-copying 

of packaging made with the same material. 

A system has been designed based on aggregated structures supported on the 

same material processed at high temperatures and used as packaging in the 

cosmetic and perfumery sector, where the luminescent contribution is 

exclusively found in the nanoparticles, regardless of the wavelength of the 

spectrum.  
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All-polymer physical unclonable functions (PUFs) can be made using polyester 

nanoparticles. PUFs on polyester packaging creating a recyclable, smartphone 

readable unique identifier on every product. We suggest that the unique ID is 

used to inform and incentivize recycling as part of the circular economy.   
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Abstract 

The circular economy requires that we know what a product is make of, that we 

can control that it is not a fake, and that we know how to recycle it. This requires 

a digital twin of each product, where the information is stored that we can 

access using a smartphone. Creating digital twins require connecting the 

physical and digital worlds, which in turn requires that all objects have a unique 

identifier that is valid in both domains. Realizing the intrinsic potential of creating 

digital twins of individual products, of linking physical and digital identities 

requires that the physical identifier is truly unique, and that it cannot be copied. 

Furthermore, the physical identifier should not interfere with the product 

lifecycle, in particular recyclability, as this would be a potential blocker in a 

circular economy. Here, we present a physical identifier based on a physical 

unclonable function (PUF) made from polymer nanoparticles and imbedded in a 

polymer laminate, where all components can be made from the same recyclable 

material. Such as materials commonly used for packaging in the fragrance and 

cosmetics industry. The development of the PUF system is presented, and each 

PUF was validated by using a proprietary smartphone application with a QR 

code as a common pattern defining PUF canvas. The functionality of the PUF 

was demonstrated across product types as diverse as lateral flow assays and 

construction materials. We conclude that polymer nanoparticle PUFs are a 

viable and directly recyclable solution for documenting authenticity and inform 

recyclability of polymers in the circular economy. 
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Scientific background and state of the art 

The approach to providing a digital ID for consumer goods that we present here 

is equivalent to creating ‘biometrics for things’. A direct link between a digital ID 

and a secure physical ID allows for an irrefutable link between the physical and 

digital world, enabling the creation of genuine digital twins for all consumer 

products. This pairing is presented as part of an integrated solution for object 

validation, authentication, and identification, where the immediate application 

lies as a solution to the problem of counterfeit goods [1–4]. Combatting 

counterfeiting is an old issue [5], but it is increasingly important due to the sheer 

scale of the problem [6], and the detrimental consequences to general human 

health and safety [7–11]. But an irrefutable optical authentication system directly 

available on portable devices allows for much more disruptive solution, from 

smart contracts bound to the physical object to direct transfer of ownership 

between consumer wallets [12–15]. Here we propose that secure physical IDs 

is also critical for realizing a circular economy. 

Our proposed solution for a unique physical identifier is to use physical 

unclonable functions or PUFs [4,16,17]. PUFs are unique physical objects that 

contain vast amounts of information that can be recorded and compared [18–

23]. Examples range from human fingerprints to the scattering of the random 

surface structure of paper [22,24–34]. While using PUFs is just emerging in 

optical authentication of goods, their application has been investigated in detail 

in electronics [19,21,24,35–38]. A solution that is to be implemented as an 

authentication and identification system for consumer goods requires that each 

PUF is cheap (far less than 0.10 USD per physical identifier), and if the solution 

is to be used as a driver of consumer behavior in a circular economy, the PUF 

must be an integral part of the product packaging to the extent that it is recycled 

with the product [39]. Plastics are the main material used for containers and 

packaging because they are economical, functional and lightweight. The most 

commonly used plastic materials are polyethylene (PE), polypropylene (PP), 

polystyrene (PS), polyesters (such as PET), polyamides (PA), and polyvinyl 

chloride (PVC). 
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The development of recyclable PUFs is a major challenge that can be 

overcome using advanced multifunctional polymer chemistry supported by 

nanotechnology [40–42]. A proposal towards a circular plastic economy is a 

more sustainable chemistry; our suggestion is to use nanotechnology to allow 

the consumer to perform the verification of originality, traceability, and to know 

the required manual sorting. With this purpose, nanotechnology might be able 

to offer a solution in preventing illicit copying of products by providing highly 

efficient and secure anti-counterfeiting and authentication methods to reach 

high and efficient security. 

In this Chapter, we focus on polyesters used in many fields of industry such as 

beverage bottles, food packaging, pharmaceutical containers and cosmetic 

packaging. We present the use of polyester polymer nanoparticles to design 

novel PUFs based optical identification system aimed to enable the circular 

economy. 

Figure 5.1 shows the functionality enabled by the direct link between the 

physical product and a digital twin a PUF creates when considering the circular 

economy. The full carbon cost is imprinted on the digital twin in the production 

and can be documented with the PUF along the product life cycle all the way to 

product recycling, where the carbon-ledger is sealed with proper disposal. For 

the consumer the PUF acts as a contract with the manufacturer, both 

documenting authenticity and environmental impact of the product. In the 

potential second life of the product, irrefutable provenance is added to the 

digital twin as part of the PUF. At end of life, the PUF can be coupled to correct 

recycling and thus mediate both corporate and individual carbon footprints. 

Many waste streams are readily sorted by the consumer, plastics in particular 

on esthetic products are not as readily recognized. As the current linear plastic 

economy is not sustainable, and even though we are improving [43], the 

complexity of polymer products hampers further progress [43,44]. One route to 

a circular plastic economy is new chemistry [45,46], our suggestion is to use 

nanotechnology to enable and maybe reward consumer to perform the required 

manual sorting. Here, we propose an ecosystem for the brand and the user in 

which a PUF enables incentivize the recycling of packaging and at the same 
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time to guarantee that the product is real. Incentivizing sorting/recycling is 

known i.e., beverage containers carry a fee that is returned when the container 

is recycled. We add to the general advantages of PUF marked products, by 

demonstrating a fully recycle PUFs and suggesting that the PUF is used to 

incentivize recycling.  

The need for individual object authentication in the circular economy, the steps 

are: 1) the design includes PUF placement and required PUF functionality. 2) 

the production incorporates PUF patterns in (parts) of the product and define 

PUF canvas via printing or product structure, product carbon ledger and product 

information are burned into the digital twin of each product. 3) Product 

authenticity, care guides and carbon cost ensure responsible use. 4) Re-use 

and secondary use of products are ensured as ownership and carbon ledger 

can be transferred to other parties via the PUF ID. 5) Sorting by the end-user 

can be incentivized and quality controlled via the PUF on each product and i.e. 

a PUF on the recycling containers. 6) Recycling is readily done with only one 

material in each recycling stream. 

 

Figure 5.1. scheme of the proposed ecosystem for the brand and the user in 

which an PUF allows to encourage the recycling of packaging while ensuring 

that the product is real. 
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Experimental procedures 

The ink used for drop casting or knife coating was created by suspending 

polyester nanoparticles synthesized according to our previous work [47]. Briefly, 

the nanoparticles were synthesized by nanoprecipitation (Figure 5.2). First, 

polyester pellets were dissolved in DMSO (dimethylsulfoxide, Sigma-Aldrich) at 

high temperature. Then, the solution was added drop wise to a poor solvent 

under vigorous stirring. The nanoparticles were isolated as the precipitate were 

collected by filtration, washed with methanol, and dried. The full details are 

included in the reference 47. Table 5.1 includes the matrix of experimental 

parameters tested in order to prepare a PUF ink based on the patented 

nanoparticles. To produce the all-polymer PUFs, two PUF inks were created: 

the nanoparticles were either suspended at 1 % w/w in EtOH or in PVA/water 

(10 % w/w Sigma Aldrich). 

 

Figure 5.2. Synthesis of the polymer nanoparticles 

Table 5.1. Experimental parameters tested for the creation of a PUF ink 

Nanoparticles used Solvents Tested Polyester starting 

Concentration (g·l-1) 

 

Nanoparticles 

formed by 

precipitates stored 

in metanol 

suspension 

Methanol  

 

0.1 

0.5 

1 

Ethanol 

Petrol ether (60-80) 

Diethyl eter 

n-pentane 

PVA 
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QR codes were printed on different substrates such as recycled paper, 

polyethylene terephthalate (PET), low-density polyethylene (LDPE) using a 

conventional 1200 dpi laser printer. 

Different multilayer laminates of PET (Optically Clear Adhesive Tape LUCIACS® 

CS986 Series), LDPE (ISTAD, resealable bag) and polypropylene (PP, 

transparent folders for A4) were created by depositing nanoparticles within the 

layers. The deposition method was either manual drop casting or knife coating. 

Table 5.2 shows the different combination of samples created by drop casting 

or knife coating of the two inks on the four substrates.  

Table 5.2. Combinations of materials used to make all-polymer PUFs by 

applying a PUF ink on a substrate using different deposition methods  

Substrate PET LDPE PP Paper 

P
U

F
 i

n
k
 Particles Polyester 

Carrier liquid PVA or Ethanol 

Deposition method Knife coating or Drop Casting 

Contrast type Scattering 

Procedure used to fabricate 1st generation all-polymer PUFs 

Drop casting was performed on different thin films of commercial polymers such 

as PET, PE and PP. For this purpose, solutions of the polymeric nanoparticles 

were prepared in ethanol at 0.5 g·l-1. The suspensions were homogenized by 

sonication at room temperature. Afterwards depositing the ethanol drop on the 

film, the substrate was dried at ambient condition, care was taken to ensure 

complete evaporation of the solvent. Then, the assembly was carried out by 

joining both layers of a laminate, with the help of a simple glue. Thus, multilayer 

films were obtained with the nanoparticles fixed inside. 
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Procedure used to fabricate 2nd generation all-polymer PUFs 

For the second generation of PUFs, we decided to increase the concentration of 

the polymer in the ink to 1 g·l-1 in order to obtain better random patterns. 

Furthermore, the QR codes were printed directly on a PET film, and then the 

nanoparticles were deposited by drop casting directly on the PUF canvas of the 

QR code (Figure 5.3). After deposition, the solvent was evaporated, and the 

sandwich morphology was assembled using glue, thereby creating multilayer 

films with PUFs on the printed QR code in the form of polymer-embedded 

nanoparticles. 

PUF Evaluation 

Each fabricated PUF was first evaluated by visual inspection (apparent 

randomness) and then by testing using the Pufin ID smartphone application. 

The app operates on a neural network trained on the QR based PUF we 

previously reported [17], and in developer mode the app allows for registration 

of new PUFs as well as validation of exciting PUFs. Further, the developer 

mode reports a match score derived from an undisclosed distance measure in 

the embedding space scaled by the thresholds set for this particular PUF 

system. The neural network was trained on this match score is 99+ % for 

validation of PUF against the same PUF, and the match score is >5 % for 

validation of a PUF against a different PUF. The app only reports the match 

score for the five PUF in the embedding space most similar to the PUF being 

validated. When a PUF falls outside of the five most similar PUFs in a 

validation, we report a match score of zero. 

The commercial version of the application can be downloaded for Android and 

iOS in the Google Play store and the Apple App store.  

Results and Discussion 

The design concept for the recyclable optical physical unclonable function is 

shown in Figure 5.3. There are two significant differences between this design 

concept and previous reports of optical PUFs [4,17,39]: 1) the PUF is created 

as an integral part of the polymer laminate, and 2) high contrast reflective or 
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luminescent materials are not used to create the random pattern. In particular, 

the latter was initially of great concern.  

The steps to follow to create all polymer-PUFs: Printing of the QR codes on the 

different substrates (1), drop-casting deposition of the nanoparticles (2), 

evaporation of the solvent (3), adhesion of both layers of laminates. The 

nanoparticle containing PUF ink is deposited in a polymer laminate on a QR 

code printed on a separate sheet of paper or the polymer bottom layer of the 

laminate. The corners of the QR code acts as PUF canvas, defining the regions 

where the PUFs the random patters formed by the nanoparticles are read. 

 

Figure 5.3. Design concept for all polymer PUFs. A) The steps to follow to 

create all polymer-PUFs B) multilayer films with PUFs on the printed QR code  

Figure 5.3 shows how the PUF is made, and how the area containing the 

stochastic pattern is defined as a PUF canvas. Here, the PUF canvas is the 

corners of a QR code, where the black square is used to define the area of the 

random pattern that constitute the PUF. A PUF is in principle any random 

pattern, but to be operational it has to be read and associated to a unique ID. 

Used in an authentication system each PUF should only associate to one ID, 

and all others will give rise to a different ID. If a PUF is not registered, no ID will 

be returned. The algorithm used in this work validates all three corners of the 

QR code in parallel. In this manner, each QR code contains three independent 

PUFs. 
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An all-polymer PUF  

The nanoparticles used were synthesized according to a patented procedure 

[47]. These polyester nanoparticles show a spherical morphology with sizes 

between 160-200 nm as studied by SEM. However, it was demonstrated by 

DLS that when in solution, they agglomerate, reaching micrometer sizes, see 

also Figure 5.4. Thus, visible light scattering can be obtained, yet presumably 

with an efficiency inferior to common opacifiers like titanium dioxide and 

zirconia. Therefore, careful control of the agglomerate size must be achieved to 

the contrast needed to form an all-polymer PUF. By experimenting with various 

alcohols, pure solvents, mixtures and poly-ols as aqueous solution, and by 

changing the concentration of nanoparticles the optimal preparations of the PUF 

ink was discovered. The goal of maximum contrast and sufficient randomness 

in the patterns formed was achieved by drop casting from a suspension of 

nanoparticles in pure ethanol. To demonstrate the feasibility of the concept we 

first created physical unclonable functions by drop casting on PET, LDPE and 

PP films, which we placed on top of a QR code printed on paper. The first 

generation PUFs are shown in Figure 5.4. These 1st generation all-polymer 

PUFs did not provide the required contrast in most fabrications, twelve 

randomly selected PUFs are included in Figure 5.4 to demonstrate this point. By 

curating the prepared PUFs four were selected based on a selection criterion 

that was maximum black/white contrast in all three PUF canvas. 

All the four PUFs in Figure 5.4 can be registered in the system and validated 

correctly using the Pufin ID smartphone application. While the true positive 

match scores lie in the 99 % range, the true negative significantly exceeds the 5 

% that is indicative of a good PUF design for this particular neural network. 

Rather than training a new neural network, which is labor intensive, we decided 

to investigate and optimize the PUF fabrications. 
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Figure 5.4. A) and B) SEM image of 0.5 g·l-1 PCT/EtOH nanoparticles over 

PET-film. C) and D) First tests with Ethanol and PVA to create all polymer 

PUFs. E) The four first-generation PUFs created on QR codes printed on paper. 

The polymer laminates are made from PET(1), LDPE(2), PP(3,4). F) The match 

score (0-100 %) matrix using the Pufin ID app to first register and then validate 

these four PUFs 

Figure 5.5 shows 120 2nd generation all-polymer PUFs that were created by 

increasing the nanoparticle concentration and tweaking the drop casting 

procedure in order to ensure that significant contrast are achieved on all PUF 

canvas. In this fabrication, the PUF canvas was created by printing the QR code 

directly on the polymer laminate.  

Four of these PUFs were selected and registered in the authentication system. 

Subsequently, from the remaining 116, 40 QR codes were chosen at random 
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and validated to ensure that none were recognized as the same as those 

previously registered in the PUF database. The result of this experiment was 

evaluated using the match score reported by the Pufin ID app, where the match 

score of the true positive match and the match score for the closest five true 

negative matches are reported. All the match scores were recorded and 

compared. The result of this analysis is shown in Figure 5.6.  

Cursory inspection of Figure 5.6 reveals that this second generation of fully 

recyclable all-polymer PUFs still show inferior performance using the 

smartphone application, when compared to the titanium dioxide based PUFs 

[16,17]. It should be noted that the smartphone application runs a neural 

network trained on PUFs made on paper using highly scattering titanium or zinc 

oxide. Thus, there are two possible reasons why the all-polymer PUF have 

inferior performances: 1) the PUFs created may be too similar that is the 

encoding capacity is too low [16], or 2) the neural network does not pick up the 

randomness in the all-polymer PUFs as it too different from the samples it was 

trained on.  

 

Figure 5.5. 120 QR codes printed on PET film (Optically Clear Adhesive Tape 

LUCIACS® CS986 Series) on which the nanoparticles have been deposited (NP 

1 % w/w in EtOH), creating 120 new PUFs. A) 4 QR codes are selected and 

registered in the authentication system. B) The 4 QR codes are validated 

against 40 different QR codes 
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Figure 5.6. Box plot showing the result of validating 40 all-polymer PUFs and 

representative PUF canvas from each group of match scores. The box plot 

show match scores grouped by criteria taken from the distance measure in the 

embedding space of the neural network, each is represented by the actual 

pictures of PUFs giving rise to this match score. Note that the human eye would 

not assign any two PUFs shown as identical 

To visualize the origin of the poor performance we included the images of 

groups of PUFs that give rise to poor match scores in Figure 5.6. It is worth 

noting that the neural network only performs a task of comparison similar to 

what we are capable of using our own eyes. The neural network has to be 

trained and is parameterized based on this training data. Therefore, it can only 

operate perfectly on similar samples. The question of poor performance of the 

all-polymer PUF using the Pufin ID optical authentication system can thus be 

decided by visual inspection of the PUFs. Considering the PUFs shown in 

Figure 5.6 they all are clearly random and contain significant amounts of 
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information [16,17]. Therefore, the failure is not in the PUF. This conclusion is 

further supported by the fact that the comparison 8/7 and 2/8 by human eye 

shows that each PUF is clearly unique and readily differentiated from the 

others. This is the case for all the 120 PUFs produced. There are two routes to 

a commercial grade optical authentication system from this point: 1) optimizing 

the means of fabrication to eliminate the ‘too similar’ and ‘indistinguishable’ 

groups in Figure 5.5, or 2) creating 10.000 PUFs and re-training the neural 

network. 

Practical application of an all-polymer PUF 

The reason for moving from the oxide containing PUF system to an all-polymer 

PUF is that it can either be grafted on polymer products or be made an integral 

part of the product. An example: In the cosmetics and fragrance sectors, there 

are currently a wide variety of packaging available. The most commonly used 

containers are of the aromatic polyester family due to their high chemical and 

mechanical resistance. These materials allow for containers of different shapes 

and finishes. In order to protect these containers from counterfeiting, and to 

provide traceability of the product, polymeric nanoparticles of the same polymer 

as the containers can be used by incorporating them into the container. To do 

this, the multilayer technique is used. To implement a PUF technology, sheets 

and nanoparticles of the same polymer are used with an adhesive binder, thus 

creating a multilayer film. This film is then formed and welded to create the 

packaging, which is finished by printing and coating. The latter processes are as 

important as the former, as these will form the canvas of the PUF. The particle 

in the laminate carries the random pattern, the printed PUF canvas defines 

where it is read. The advantage of this implementation is that the PUF particles 

can be all over the packaging, can be used for product traceability, and can 

even inform about recyclability and thereby facilitate recycling. No additives, 

fluorescent dyes, fillers, oxides, or any materials that differ from the composition 

of the packaging have to be used. All is made from just a single polymer. 

To illustrate the point, Figure 5.7 shows four examples of PUFs grafted onto 

polymer products with existing QR codes. Each PUF was registered in the 

optical authentication system and can be validated with a return of a unique ID 
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for each product. We consider this proof of concept, and it remains to the 

manufacturers to decide how to implement this unique ID in their 

Environmental, Societal, Governance (ESG) structure. We believe it is the only 

way to keep a true carbon-ledger. The PUF provides a unique ID for the 

physical product, but all advanced functionality relies on the digital platform that 

build on the digital ID, which in turn is linked to the physical ID. The investment 

in this digital platform may very well exceed the investment in production 

equipment needed to move from the demonstration in Figure 5.7 to mass 

produced PUFs. 

 

Figure 5.7.  A) Adhesion of the all-polymer PUF label to commercial packaging 

already bearing a QR code. B) Commercial products examples made with 

different polymers (plastics) that have QR codes for proof of concept.  DANA 

LIM filler extra 619 250 ml (1), Antigen test (2), Electronic product packaging 

from Lauritz Knudsen by Schneider Electrics (3) and Libresse product (4) 
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Conclusions 

We have shown that by using agglomerated nanoparticles it is possible to 

create an all-polymer physical unclonable function or PUF. Thus, we can use 

the same material (polymer) as the packaging to provide security and 

traceability to different products. In addition, the PUF facilitates the recycling 

since it provides information on how to recycle it, and the product can be 

recycled in its entirety, as it does not contain any additives.  

We used the polymer nanoparticles to create random patterns on different 

polymer substrates. QR codes were used to define areas of the random 

patterns, creating distinct smartphone-readable PUFs. We demonstrated that 

the all-polymer PUF can be used in a smartphone based authentication system, 

creating a unique physical ID for products. The true potential of these physical 

IDs lies in linking them to a digital ID, creating digital twins, which in the right 

framework removes all barriers for tracking of individual products. While the 

transition to a circular economy still relies on human behavior, it can be enabled 

through personal and corporate carbon ledgers documented by PUFs. 

As a transformative technology, the ability to link physical product to digital 

twins requires digital maturity of the producing corporation, and the actual ability 

to produce the PUF enabled physical product. We all have smartphones, so 

from the end user perspective we are ready. The natural next steps in 

commercializing PUF technology lies in integration in the industrial supply 

chain. Taking producers of products like perfume and cosmetics as an example. 

Step 1 is that PUF nanoparticles must be integrated into raw materials used to 

form the containers. Upon quality control using vision systems (Step 2), the 

material is formed into containers. These are coated, printing added to define 

the PUF canvas (Step 3), and the container is finished. The AI must be re-

trained on the specific PUF design (Step 4). At the perfume and cosmetics 

supplier, the PUF on the container is registered using a dedicated vision system 

prior to filling (Step 5), and after filling the PUF is activated using a second 

vision system (Step 6) and a dedicated local server (Step 7) interfaced with 

cloud based software (Step 8). The activation of the PUF creates a digital twin 

of the product, and the physical product can now be authenticated. A 
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commercial PUF systems will require significant engineering and software 

development, but no further research. Using the PUF based digital twin as 

outlined here, requires further development of carbon ledgers, and enterprise 

software solutions for recycling carbon accounting. 
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After the studies shown in this Section, it can be concluded that most of the 

company's main objectives have been achieved by complying with 

requirements such as: 

1. The optimum material has been studied for the packaging required for 

the company. Tests have been carried out under standard to certify the 

research.  

2. Through polymer nanotechnology a novel anti-counterfeiting system has 

been designed without using semiconducting polymers or organic dyes. 

A process for the preparation of photoluminescent nanoparticle 

aggregates has been protected. 

  

3. The first proof of concept has been performed by creating physical 

unclonable functions with the use of the synthesized polymer 

nanoparticles, demonstrating its potential use as real security system. 

  



                                   

 

 



 

 

 

 

 

Chapter 6.  

Summary and final remarks  



 

 

 

  



     Chapter 6 

277 

General conclusions and future work 

General conclusions 

In this Ph.D. Thesis, polymeric nanoparticles of diverse nature combining 

different properties depending on the final application for which they have been 

designed are developed. The main results have provided and excellent 

understanding the impact of the particle size and chemical composition on the 

functional properties. The use of the nanoscience and nanotechnology was 

applied throughout the research activities of this Ph.D. Thesis in order to 

achieve the desired objectives. It was possible control of their morphology, 

particle size from the synthetic strategy used to make them. The possibility of 

designing functional polymeric nanoparticles will contribute to different sectors 

such as the sustainable energy storage field and the circular economy of 

plastics manufacture, and in the protection and traceability of packaging. 

 

Outlook and future work 

This Ph.D. Thesis offers a fundamental vision of the potential impact of the 

nanotechnology in our society. The new results presented here may be the 

beginning of new lines of research opening the way for nanoparticles in the 

development of new polymer electrolytes and in the wide industry of anti-

counterfeiting. However, this is only a small part because many questions 

remain to be answered and many challenges to be solved.  

 

In Chapter 2, The effect of different polypyrrole chemistries in the design of 

redox-active polymeric nanoparticles and their impact on the new properties of 

energy storage and CO2 capture might be tackled.  

 

In Chapter 3, the new block copolymer can also serve as a material´s platform 

for different applications. Although the results have not been presented here, 

we have been studying the design of an anolyte with the incorporation of the 

viologen compound within the macromolecular structure of the synthesized 
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block copolymer. It would be important to continue with this line of research and 

thus create a redox flow system with electroactive nanoparticles in aqueous 

media and with the use of a porous membrane by using different redox 

chemistries anchored to the copolymer backbone.  

As for Chapter 4, it would be necessary to focus on better design and control of 

the nanoparticles by tuning their luminescence as a function of aggregates and 

nanoparticle sizes in order to try to delimit in which region of the spectrum it 

emits. So far, we have a multicolor response, ideally just by modifying the 

aggregate size we can modify the range of emission. Another line that is open is 

to synthesize from scratch this type of block copolymers by condensation trying 

to incorporate a chromophore within the chain and subsequently form the 

polymeric nanoparticles and use it as has been done with those presented in 

this Ph.D. Thesis. This study has been carried out in parallel during the 

development of the Thesis, but the results are not shown here. In addition, it 

would be interesting to study other commercial polymers used in packaging to 

synthesize new polymeric nanoparticles with the same methodology and study 

their photophysical properties and their possible use as anti-counterfeiting 

systems. 

Search for new detection methodologies and collaborate with companies on 

recyclability area. Give them options such as the one proposed here for better 

recycling and safety, creating new ecosystems between brands and users.  

To contact companies interested in the patent of the luminescent aggregates to 

sell them and implement them in final products. In fact, this finding is of great 

interest in the industrial sector.   
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Visits and research stays 

During the course of the Ph.D. Thesis, some measurements have been carried 

out at other research centers. 

1. Centro Nacional de Biotecnología (CNB): The cryoEM measurements 

were carried out with the help of Rocio Arranz. I learned how samples 

are prepared for cryoEM measurements and became familiar with the 

equipment and data processing.  

(https://www.cnb.csic.es/index.php/es/investigacion/servicios-

cientificos/microscopia-crioelectronica). 

 

2. Instituto de Investigaciones Biomédicas "Alberto Sols" (CSIC-UAM): I 

became familiar with the confocal fluorescence microscopy equipment 

and learned how to prepare the samples for later measurement. All this 

with the assistance of Mónica Martín and Lucía Guerrero.  

https://www.iib.uam.es/portal/web/microscopia/funciones 

 

3. I have also done a research stay at the University of Copenhagen 

(23/08/21 to 01/12/21) in Thomas Just Sorensen Group. 

(https://sites.google.com/view/tjsgroup/thomas-just-s%C3%B8rensen).  

Where a system for optical authentication of polymeric nanoparticles 

based on their own materials has been developed. The aim of the visit 

was to develop a fully recyclable optical authentication system combining 

https://www.iib.uam.es/portal/web/microscopia/funciones
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the knowledge of non-clonable physical function of Prof. Thomas Just 

Sørensen and my experience in polymeric materials. 

During the stay, work was done with various forms of luminescence 

microscopy and spectroscopy. In addition, I attended some advanced 

photophysics classes. 
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