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Resumen 

En tiempos actuales, los electrolitos basados en materiales poliméricos han generado un gran interés debido 

a su posible uso como sustitutos de los electrolitos líquidos o en otras aplicaciones de dispositivos de 

almacenamiento de energía. En concreto, el uso de biopolímeros con un enfoque en la sostenibilidad lleva 

a una amplia investigación en esta área que todavía tiene mucho trabajo por hacer. 

Esta tesis de licenciatura recoge el trabajo incluido en tres artículos publicados en prestigiosas revistas 

científicas. En ellos se refleja la revisión del estado del arte en el área de electrolitos poliméricos para 

baterías de zinc y magnesio. Además, se presenta la síntesis y caracterización de nuevos hidrogeles como 

electrolitos basados en quitosano, carboximetilcelulosa, y distintas concentraciones de entrecruzante 

químico de ácido cítrico. Posteriormente, se propone una modificación en el proceso de síntesis de los 

hidrogeles anteriormente realizados, para utilizar estrategias de congelamiento que potencien las 

propiedades requeridas en las membranas para ser aplicables como electrolitos de baterías zinc-aire.   

Los materiales resultantes han demostrado propiedades estructurales y térmicas adecuadas. Además, han 

obtenido notables valores de conductividad iónica de hasta 0.39 S∙cm‒1, y de capacidad de descarga en 

batería de 1899 mA∙h g‒1, sentando un precedente para la próxima generación de biomateriales con 

aplicaciones energéticas.  

Palabras Clave: 

Electrolitos poliméricos, biopolímeros, técnicas de entrecruzamiento, baterías zinc-aire. 
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Abstract 

In current times, electrolytes based on polymeric materials have generated great interest due to their 

possible use as substitutes for liquid electrolytes or in other energy storage device applications. In particular, 

the use of biopolymers with a focus on sustainability leads to extensive research in this area that still has a 

lot of work to do. 

This thesis collects the work included in three articles published in prestigious scientific journals. They 

reflect the review of the state-of-the-art in the area of polymer electrolytes for zinc and magnesium batteries. 

In addition, the synthesis and characterization of new hydrogels as electrolytes based on chitosan, 

carboxymethylcellulose, and different concentrations of citric acid chemical crosslinker is presented. 

Subsequently, a modification in the synthesis process of the previously prepared hydrogels is proposed to 

use freezing strategies that enhance the properties required in the membranes to be applicable as electrolytes 

for zinc-air batteries.   

The resulting materials have demonstrated adequate structural and thermal properties. In addition, they have 

obtained remarkable ionic conductivity values of up to 0.39 S∙cm‒1, and battery discharge capacity of 1899 

mA∙h g‒1, setting a precedent for the next generation of biomaterials with energy applications. 

Key Words: 

Polymer electrolytes, biopolymers, crosslinking techniques, zinc-air batteries. 
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Chapter 1 

1. Introduction  

1.1. General Introduction  
 

The current efforts of designing new ways to obtain energy from environmentally friendly materials are 

directly related to the need of designing environmentally friendly devices capable of storing the energy 

generated. Among these devices, the most widely used in everyday life around the world are batteries. The 

main problem generated from batteries is that the ones currently used, for example, lithium-ion batteries 

(LIBs), can suffer thermal runaway, have low energy density, and low cycling efficiency1–3. In addition, 

they are highly reactive, costly, unsafe, and environmentally polluting4–7. 

A key point for the development of environmentally friendly batteries is the physical state of the electrolyte. 

Currently, batteries use the electrolyte in a liquid state, which presents safety, toxicity, flammability, and 

leakage problems. In addition, electrode corrosion that occurs at the interfaces and the growth of dendrites 

on the metal electrode, reduce the capacity and life cycle of the battery8–10. Besides, they can cause problems 

such as preferential nucleation and uneven currents during charging causing fires11,12. Therefore, current 

battery development strategies focus on the use of solid or gel electrolytes, as a possible replacement for 

the current aqueous systems.  

Among the existing types of electrolytes, polymer electrolytes (PEs) present far-reaching advantages such 

as high flexibility and good electrochemical performance13–15. However, the main problem with these 

electrolytes is that they present low battery efficiency, insufficient ionic conductivities for practical 

applications, poor electrochemical stabilities, deficient mechanical resistance, and huge interfacial 

resistance7.  These electrolytes must be defined for a specific cathode type. In the present project, zinc is 

the main focus, since it has key characteristics for battery performance such as high volumetric capacity, 

and low redox potential16,17. In addition, it possesses some fundamental characteristics for this application 

area, such as lower reactivity, high abundance, low cost, low toxicity, and intrinsic safety18–22, necessary 

for the development of sustainable energy storage options. Therefore, the first part of this project focuses 

on the review of the state-of-the-art of nanocomposite polymer electrolytes (NCPEs) for batteries designed 

with zinc or magnesium. 

Biopolymers are the work’s main focus, in order to develop the PEs with nature-friendly raw materials, 

which can be extracted from plants, microbes, animals, and marine sources, and recognized for their 

abundant availability. From the biopolymer options, chitosan (CS) and carboxymethylcellulose (CMC) are 
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herein used as the matrix elements in the synthesis of hydrogel PEs. Chitosan (CS) is a cationic 

biopolymeric material, known to be good membrane-forming, non-toxic, biodegradable, and 

biocompatible, which makes it a good solution for various electrochemical applications that can be modified 

to obtain electrolytes23,24. CS is produced from the deacetylation reaction of chitin, which; is a natural 

polysaccharide normally found in the exoskeleton of arthropods and various fungi25. CS is widely applied 

in many fields, such as biotechnology and biomedicine26. Its molecule presents several polar groups, such 

as hydroxyl and amino groups, which can form complexes with inorganic salts. However, pristine CS has 

a very low ionic conductivity (10-9 S cm-1)27, a fact that is aimed to be enhanced by the combination of 

another biopolymer and doping with ionic salts. 

Carboxymethyl cellulose (CMC) is a water-soluble derivative of cellulose, an anionic polymer, linear 

polysaccharide of anhydro-glucose. Its composition provides the subsequent structure with high mechanical 

strength, viscosity, and tunable hydrophilicity28. CMC is widely used in textile, food, paper, drug 

applications, biomedical and energy production. Both CS and CMC are polysaccharides that have several 

functional groups, such as amino, hydroxyl, and carboxyl groups. It has been documented that CS and CMC 

can form an inter macromolecular complex through strong electrostatic and hydrogen bonding interactions 

between these groups29,30. Hydrogels can be modified through chemical and physical crosslinking 

techniques. In the case of "chemical" hydrogels, there is evidence of the use of epichlorohydrin (ECH), 

glutaraldehyde (GA), genipin, and diglycidyl ethers of ethylene glycol or polyethylene glycol31–33, as 

crosslinking agents.  

Particularly, citric acid (CA) is an effective chemical crosslinker that forms amide and ester bonds between 

CMC and CS, leading to a structure with good mechanical stability and porous networks34. Hence, the 

second part of this work is centered in the synthesis of hydrogels made of CS and CMC with the addition 

of different amounts of CA, to form a host matrix capable of swell ionic salts. The achieved crosslinking in 

the membranes provides a superior structural stability, along with a higher thermal stability and enhanced 

ionic conductivity and current values. 

On the other hand, physically crosslinked hydrogels are synthesized by ionic interactions, crystallization 

(freezing strategies), the formation of hydrophobic polysaccharide stereocomplexes, protein interaction, 

hydrogen bonding, among others35. “Physical” hydrogels can be obtained by repeated freeze-thaw (F-T) 

cycles, method based on performing repetitive freeze-thaw cycles in an aqueous solution of water-soluble 

polymers. During the freezing part, the ice crystals that are formed organize the polymer chains around 

themselves. Subsequently, during the thawing part of the cycle, the ice crystals melt, leading to the 

formation of a porous structure37. It is reported that the stability of hydrogels obtained by this method 
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increases with the number of (F-T) cycles38. From the works reported so far where chitosan hydrogels are 

synthesized by this technique, a decrease in pore size and an increase in the elastic modulus and tensile 

strength are obtained39–41. On that account, the third part of this project modifies the hydrogels reported in 

the second part through the implementation of freezing-thawing cycles, in addition to a final freezing-drying 

cycle. 

From the preliminary revision and research work, the following hypothesis is presented:  

The addition of carboxymethylcellulose to chitosan, in addition to chemical crosslinking with citric acid 

and novel drying strategies improve the structural and electrochemical properties of hydrogel membranes 

for their use as electrolyte in zinc-air batteries. 

After the literature review, synthesis and characterization of both crosslinking approaches and final 

materials, the most relevant findings and results are presented as three scientific papers in the thesis, 

published in high impact journals, to set an important precedent in the development of solid-state 

electrolytes for the next new generations of batteries.  

 

Figure 1. Flowchart of the articles that make up this integration curricular work. 
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1.2. General and Specific Objectives 

1.2.1. General Objective 

• To develop novel hydrogels made of biopolymers with different crosslinking strategies to be 

applied as electrolytes in Zinc-air Batteries.  

1.2.2. Specific Objectives 

• To compile and analyze the state-of-the-art about the development of nanocomposite polymer 

electrolytes applied in the field of Zn-ion and Mg-ion batteries. 

• To synthesize composite polymeric hydrogels based on chitosan and carboxymethylcellulose 

through different crosslinking approaches: citric acid as chemical crosslinking, and freeze-thawing 

freeze-drying physical crosslinking strategies. 

• To characterize the designed hydrogels in terms of their structural, thermal, and electrochemical 

properties. 

• To apply and evaluate the synthesized hydrogels in Zinc-air battery prototypes. 
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Chapter 2 

2. Methodology and Results 

2.1. Article published in the Journal Polymers “Nanocomposite Polymer 

Electrolytes for Zinc and Magnesium Batteries: From Synthetic to Biopolymers” 

In the first article of this thesis, a review of the state of the art of the published works that report the 

development of nanocomposite polymer electrolytes (NCPEs) in zinc or magnesium batteries is carried out. 

This effort is put in response to the problems related to the use of aqueous electrolytes that direct the current 

strategies to the use of solid or gel-based electrolytes as a possible solution. In addition, the incorporation 

of inorganic phases in PEs is a variable to be considered since these hybrid systems have a higher ionic 

conductivity and better mechanical properties for the desired applications. From this approach, 

nanocomposite polymer electrolytes are proposed, showing how the combination of both phases reduces 

the drawbacks of polymer electrolytes in pure state. The discussion centers its attention on comparing and 

analyzing the results regarding ionic conductivities, electrochemical stabilities, and overall performances 

in battery systems.  

Biopolymers are in the main scope of this review, on the development of electrolytes that can be obtained 

from abundant and bio-sustainable sources, considered environmentally friendly, and biocompatible. These 

are characterized by their natural abundance, cost-effectiveness, high solvent compatibility, and high film-

forming ability. The coverage of the review was divided into four sections, Poly(vinylidene fluoride-co-

hexafluoropropylene, (PVDF-HFP), polyethylene oxide (PEO) based electrolytes, as these two have been 

the most reported to date, followed by a section about other synthetic polymers, and the final section 

involving biopolymers.  

Abundance, low cost, and simple processability make it expected that biopolymer electrolytes bring a better 

future to green technologies compared to non-biodegradable, toxic, and harmful materials used in 

commercial batteries today. It has been evidenced that the role of nanofillers is of great importance in the 

transport system. These nanoparticles can form space-charge regions and induce a local electric field. The 

electric charge and the area associated with the nanoparticle interact with the liquid electrolyte structure, 

causing the space-charge region. It can be described as a region containing free electrons on the 

nanocomposite surface, and cations together with dipoles in the adjacent double layer balance the surface 

electronic charge. The addition of nanoparticles has been shown to improve the conductivity, in the smallest 

case, by an order of magnitude. In addition, the electrochemical properties, mechanical strength, and 

transport properties of cationic species are also improved. On the other hand, it is found that excessive 
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fillers can cause a decrease in conductivity in NCPE, which can trigger ion pair formation and ion 

aggregation, as a non-conductive phase, being an electrically inert component blocking ion transport. 

Finally, these studies should be further developed to achieve practical applications for the large-scale 

industry of polymer-based electrolytic batteries, as well as other electrochemical devices, such as 

biobatteries, offering an innovative solution to the problems currently faced by biomedical applications, 

generating positive impacts for the welfare of humans and the environment. 
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2.2. Article published in the Journal Batteries “Chitosan-Carboxymethylcellulose 

Hydrogels as Electrolytes for Zinc–Air Batteries: An Approach to the Transition 

towards Renewable Energy Storage Devices.” 

In this paper, it is reported the synthesis and characterization of hydrogels based on CMC, CS, and different 

amounts of CA, as well as a sample with the absence of the latter in order to contrast the effects of the 

chemical crosslinker on the properties to be evaluated. In order to dope the hydrogels with the conductive 

aqueous medium, 12 M KOH solutions were used to evaluate the capacity of the membranes to retain the 

liquid and incorporate it into the polymeric matrix, in order to carry out the conduction process in the desired 

battery application. 

In the first part, an analysis of the chemical reactions’ effects in the synthesis and the trigger of new 

functional groups expected in the matrix is presented. Subsequently, the modification of the chemical 

structures of the system is analyzed through the ATR-FTIR and XRD structural characterizations. The 

esterification reaction expected by the insertion of CA is confirmed. The addition of KOH molecules to the 

system provokes conformational changes, and a lower degree of crystallinity, relevant for the ionic 

conduction process. Higher thermal stability is also evidenced by the TGA and DSC studies.  

Regarding the electrochemical studies, Arrhenius behavior was confirmed in the range of 0 °C to 60 °C for 

the CA-containing membranes, obtaining the activation energy for each hydrogel. A maximum value of 

0.19 S∙cm−1 was found at 30 °C through the PEIS studies. The swelling behavior was analyzed, resulting in 

an inversely proportional trend between the swelled KOH and the ionic conductivity values. This apparent 

contradictory behavior was related to the capability of the hydrogel to retain the swelled KOH when it is 

pressed between the electrodes and its further integrity. A high ionic transfer was confirmed by the cyclic 

voltammetry studies, with intensity peaks of 360 mA∙cm−2. The intensity peak value depends on the number 

of electrons transferred between the redox species and the electrode, which depends on the ion’s movement.  

Besides, a quasi-reversible behavior was evidenced.  

Finally, the hydrogels were tested in a zinc–air battery prototype, with high performance in terms of power 

densities, bulk resistances, and discharge times. The maximum specific capacity was 1026 mA∙h g−1 for the 

battery assembled with the hydrogel electrolyte containing the highest amount of CA. Overall, the 

importance of the chemical crosslinker employed was corroborated by the enhancement of the relevant 

properties required by the electrochemical application.  
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2.3. Article published in the Journal of the Electrochemical Society “Enhancing 

Electrochemical Performance of Zinc-Air Batteries using Freeze Crosslinked 

Carboxymethylcellulose-Chitosan Hydrogels as Electrolytes.” 

The third and last work of this thesis is proposed based on a modification to the synthesis performed in the 

second article, where the method of drying the polymer membranes by conventional casting technique was 

used. Thus, this step is modified through five freeze-thawing cycles, followed by a final freeze-drying 

process. The subsequent effects of the proposed drying strategies are overviewed. 

The structural characterization by ATR-FTIR demonstrated similar bands to those reported in the previous 

work. The band at 1021 cm−1 corresponding to the C–O–C ether pyranose ring presented a higher intensity 

compared to the homologous casting-dried counterparts, suggesting that the physical crosslinking 

originated from the F-T processes and preserved the polymeric chains in the system. All the other bands 

showed no differences, suggesting that this drying approach does not affect other chemical interactions 

between the two biopolymers.   

The most important modification in the system was evidenced by the SEM micrographs, obtaining a highly 

porous morphology. Hence, the drying strategies play a significant role in the pore size and shape of the 

hydrogels. This morphology was related to the more KOH uptake of the membranes. EDX characterization 

exhibited a better uniform dispersion of potassium in the chemically crosslinked hydrogel. 

The swelling behavior was greatly enhanced, since the membranes were capable of absorbing six-seven 

times their own weight, with a non-significant volume change. The hydrogel’s biodegradability was 

analyzed and confirmed by burying the membranes in soil, obtaining a final weight remanent of 22.73% on 

day 39. Besides, the CA50L sw electrolyte was folded and released, preserving its initial shape without 

breakage, as a demonstration of the flexible nature of the membranes. Moreover, the hydrogel’s 

flammability was proved, since when exposed to fire the membrane only shrugged, without explosions. 

Arrhenius conduction mechanism was demonstrated from 0 °C to 70 °C, suggesting superior thermal 

stability. The electrolyte exhibited an enhanced ionic conductivity of 0.39 S∙cm‒1. This enhancement can 

be explained in terms of the pores and channels generated by the drying strategies since this obtained 

morphology provides paths for the ions to move more easily in the system.  

In terms of the battery tests, a maximum power density of 117 mW∙cm‒2 was achieved with the 

CA50L sw electrolyte, besides a specific capacity of 1899 mA∙h g‒1. Altogether, these results 

demonstrate the great effects obtained in dependence of the drying technique chosen for the 

synthesis procedure. 
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3. Conclusions  
 
Once the results of the work carried out in this project have been presented, this chapter will be devoted to 

the main conclusions that can be drawn from each of the articles that make up this thesis. In general, it can 

be concluded that several polymeric hydrogel systems were successfully developed, designed, and prepared 

using CMC and CS biopolymers, through different crosslinking strategies and doping of the medium with 

12 M KOH solutions. The resulting materials have demonstrated adequate structural and thermal properties. 

In addition, they have obtained remarkable ionic conductivity values and current intensities, which point to 

their possible application in zinc-air batteries. 

I. From the first work, which reviewed the state-of-the-art publications on NCPEs for zinc and 

magnesium batteries, the following conclusions can be drawn: 

• In general, for polymer electrolyte systems, the addition of nanoparticles (ZnO, MgO, 

TiO2, Al2O3, SnO2) has been proved to enhance the electrical conductivity by, in the least 

of the cases, one order of magnitude. Not only conductivity is improved, but cationic 

species’ electrochemical properties, mechanical strength, and transport properties are.  

• The improved electrochemical results in terms of ionic conductivity obtained for PEs along 

with the addition of nanofillers, provoke a space-charge region, understood by the 

existence of free electrons at the surface of the nanocomposite, facilitating the new kinetic 

path for ionic transport and polymer segmental motion. This mechanism ensures the 

electrolyte is capable of ion transference. 

• Improved high ionic conductivity and better thermal and mechanical stability compared to 

liquid electrolyte systems have been confirmed. Moreover, when a specific percentage of 

nanofiller is reached, a decrease in ionic conductivity is observed. Excessive fillers could 

provoke this in the NCPE that may trigger the formation of ion pairs and ion aggregation, 

such as the non-conducting phase presented as an electrically inert component blocking 

ion transport. 

• When deciding which state is better for the electrolyte, between making it a solid or a gel, 

it is paramount to consider the device’s application. Gel polymer electrolytes have been 

shown to be capable of being employed in conditions where flexibility is well appreciated. 

However, they currently rely on mobile liquid phases to perform the conduction process, 

and the current ones present concerns in terms of safety and stability. Consequently, the 

search for more benign and environmentally friendly mobile liquids is a current issue to 

increase the expectation of developing batteries based on sustainable components. 
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• In terms of the biopolymer electrolytes, they have shown comparable ion conduction and 

electrochemical properties compared to the traditional synthetic polymer electrolytes. 

However, the state-of-the-art is still lacking in terms of the development of NCPEs based 

on biopolymers. The few investigations overviewed so far set a precedent for the demand 

for further research with this specific approach. 

II. Regarding the second article, which reported the synthesis and characterization of hydrogels based 

on CMC, CS, and different amounts of CA, dried by the conventional solution casting technique, 

the following remarks can be stated: 

• The esterification reaction / chemical crosslinking approach for the CMC-CS-CA hydrogels 

was achieved through the synthesis proposed in this work, confirmed by the ATR-FTIR 

analysis. The modification of the chemical structure in the polymer system was evaluated, and 

conformational changes were presented along with a decrease in the crystallinity degree of the 

membranes.   

• The swelling degree of the CA-free hydrogel obtained a higher value than its counterparts with 

citric acid. Nevertheless, this higher capacity came along with low structural integrity when 

used in battery assemblies. 

• In terms of the electrochemical characterization, Arrhenius behavior was confirmed in the 

range of 0 to 60 °C for the crosslinked membranes, suggesting the thermal stability and 

operability of the electrolytes when these temperature ranges are required. 

• A maximum ionic conductivity value of 0.19 S∙cm−1 was found at 30 °C. Moreover, the cyclic 

voltammetry studies confirmed a quasi-reversible behavior, with maximum intensity peaks of 

360 mA∙cm−2, as evidence of the high ionic transfer achieved by the designed hydrogels. 

• The battery prototype tests showed a high performance in terms of power densities, bulk 

resistances, and discharge times., A maximum specific capacity of 1026 mA∙h g−1 for the 

battery assembled with the CA50 sw electrolyte was obtained, pointing to adequate 

performance in order to apply the proposed material in energy storage devices. 

III. In the third work, it was presented a modification of the synthesis conducted in the second article, 

performing five freeze-thawing cycles, followed by a final freeze-drying process. The following 

are the main conclusions highlighted from this publication: 

• The design and characterization of a chemically and physically crosslinked CMC-CS hydrogel 

electrolyte doped with a 12 M KOH solution demonstrate its superior performance and further 

applicability of use in zinc-air batteries.  
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• The proposed crosslinking processes were confirmed by the ATR-FTIR studies, while the 

obtained XRD patterns pointed to the crystallinity changes that show the complexes formation 

between the K+ cations and the polymer chains. 

• A crucial effect of the modification in this work was evidenced by the SEM micrographs, where 

a highly porous morphology indicates the obtention of the desired effect of the drying strategy 

in the matrix of the membranes.  

• The drying strategies were proved to used play a significant role in the pore size and shape of 

the membranes. The obtained morphology was related to the more KOH solution absorption 

capability of the hydrogels, with the expanding of the pores in the matrix. 

• The swelling behavior was greatly enhanced, with the hydrogels being capable of absorbing 

six-seven times their own weight, while their casting-dried counterparts were able to retain two 

times their weight.  

• Arrhenius conduction mechanism was demonstrated from 0 °C to 70 °C, suggesting an even 

superior thermal stability. The electrolyte exhibited an enhanced ionic conductivity of 0.39 

S∙cm‒1. 

• A maximum power density of 117 mW∙cm‒2 was achieved with the zinc-air prototype 

assembled, besides a specific capacity of 1899 mA∙h g‒1. These results demonstrate the 

potential of biopolymer hydrogels with appropriate synthesis approaches as promising 

electrolytes for green storage devices.  

 
 

 

 

 

 

 

 

 



85 
 

4. References 
 
(1)  Jaschin, P. W.; Gao, Y.; Li, Y.; Bo, S. H. A Materials Perspective on Magnesium-Ion-Based 

Solid-State Electrolytes. J. Mater. Chem. A 2020, 8 (6), 2875–2897. 

https://doi.org/10.1039/c9ta11729f. 

(2)  Qiu, L.; Xiang, W.; Tian, W.; Xu, C. L.; Li, Y. C.; Wu, Z. G.; Chen, T. R.; Jia, K.; Wang, D.; He, 

F. R.; Guo, X. D. Polyanion and Cation Co-Doping Stabilized Ni-Rich Ni–Co–Al Material as 

Cathode with Enhanced Electrochemical Performance for Li-Ion Battery. Nano Energy 2019, 63, 

103818. https://doi.org/10.1016/j.nanoen.2019.06.014. 

(3)  Xu, Y. Di; Xiang, W.; Wu, Z. G.; Xu, C. L.; Li, Y. C.; Guo, X. D.; Lv, G. P.; Peng, X.; Zhong, B. 

H. Improving Cycling Performance and Rate Capability of Ni-Rich LiNi0.8Co0.1Mn0.1O2 

Cathode Materials by Li4Ti5O12 Coating. Electrochim. Acta 2018, 268, 358–365. 

https://doi.org/10.1016/j.electacta.2018.02.049. 

(4)  Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the Development of 

Advanced Li-Ion Batteries: A Review. Energy Environ. Sci. 2011, 4 (9), 3243–3262. 

https://doi.org/10.1039/c1ee01598b. 

(5)  Wang, Y.; Yi, J.; Xia, Y. Recent Progress in Aqueous Lithium-Ion Batteries. Adv. Energy Mater. 

2012, 2 (7), 830–840. https://doi.org/10.1002/aenm.201200065. 

(6)  Kim, H.; Hong, J.; Park, K. Y.; Kim, H.; Kim, S. W.; Kang, K. Aqueous Rechargeable Li and Na 

Ion Batteries. Chem. Rev. 2014, 114 (23), 11788–11827. https://doi.org/10.1021/cr500232y. 

(7)  Wu, K.; Huang, J.; Yi, J.; Liu, X.; Liu, Y.; Wang, Y.; Zhang, J.; Xia, Y. Recent Advances in 

Polymer Electrolytes for Zinc Ion Batteries: Mechanisms, Properties, and Perspectives. Adv. 

Energy Mater. 2020, 10 (12), 1903977. https://doi.org/10.1002/aenm.201903977. 

(8)  He, W.; Zuo, S.; Xu, X.; Zeng, L.; Liu, L.; Zhao, W.; Liu, J. Challenges and Strategies of Zinc 

Anode for Aqueous Zinc-Ion Batteries. Mater. Chem. Front. 2021, 5 (5), 2201–2217. 

https://doi.org/10.1039/d0qm00693a. 

(9)  Ye, T.; Li, L.; Zhang, Y. Recent Progress in Solid Electrolytes for Energy Storage Devices. Adv. 

Funct. Mater. 2020, 30 (29), 1–20. https://doi.org/10.1002/adfm.202000077. 

(10)  Zhao, C.; Liu, L.; Qi, X.; Lu, Y.; Wu, F.; Zhao, J.; Yu, Y.; Hu, Y. S.; Chen, L. Solid-State Sodium 

Batteries. Adv. Energy Mater. 2018, 8 (17), 1703012. https://doi.org/10.1002/aenm.201703012. 

(11)  Wu, F.; Yuan, Y. X.; Cheng, X. B.; Bai, Y.; Li, Y.; Wu, C.; Zhang, Q. Perspectives for 

Restraining Harsh Lithium Dendrite Growth: Towards Robust Lithium Metal Anodes. Energy 

Storage Mater. 2018, 15, 148–170. https://doi.org/10.1016/j.ensm.2018.03.024. 

(12)  Wood, K. N.; Kazyak, E.; Chadwick, A. F.; Chen, K.-H.; Zhang, J.-G.; Thornton, K.; Dasgupta, N. 

P. Dendrites and Pits: Untangling the Complex Behavior of Li Metal Anodes through Operando 

Video Microscopy. ECS Meet. Abstr. 2017, MA2017-01 (5), 518. https://doi.org/10.1149/ma2017-

01/5/518. 

(13)  Zhang, H.; Li, C.; Piszcz, M.; Coya, E.; Rojo, T.; Rodriguez-Martinez, L. M.; Armand, M.; Zhou, 

Z. Single Lithium-Ion Conducting Solid Polymer Electrolytes: Advances and Perspectives. Chem. 

Soc. Rev. 2017, 46 (3), 797–815. https://doi.org/10.1039/c6cs00491a. 

(14)  Hallinan, D. T.; Villaluenga, I.; Balsara, N. P. Polymer and Composite Electrolytes. MRS Bull. 

2018, 43 (10), 775–781. https://doi.org/10.1557/mrs.2018.212. 

(15)  Mindemark, J.; Lacey, M. J.; Bowden, T.; Brandell, D. Beyond PEO—Alternative Host Materials 

for Li+-Conducting Solid Polymer Electrolytes. Prog. Polym. Sci. 2018, 81, 114–143. 

https://doi.org/10.1016/j.progpolymsci.2017.12.004. 

(16)  Kundu, D.; Adams, B. D.; Duffort, V.; Vajargah, S. H.; Nazar, L. F. A High-Capacity and Long-

Life Aqueous Rechargeable Zinc Battery Using a Metal Oxide Intercalation Cathode. Nat. Energy 

2016, 1 (10), 16119. https://doi.org/10.1038/nenergy.2016.119. 

(17)  Pan, H.; Shao, Y.; Yan, P.; Cheng, Y.; Han, K. S.; Nie, Z.; Wang, C.; Yang, J.; Li, X.; 

Bhattacharya, P.; Mueller, K. T.; Liu, J. Reversible Aqueous Zinc/Manganese Oxide Energy 



86 
 

Storage from Conversion Reactions. Nat. Energy 2016, 1 (5), 16039. 

https://doi.org/10.1038/nenergy.2016.39. 

(18)  Liu, F.; Chen, Z.; Fang, G.; Wang, Z.; Cai, Y.; Tang, B.; Zhou, J.; Liang, S. V2O5 Nanospheres 

with Mixed Vanadium Valences as High Electrochemically Active Aqueous Zinc-Ion Battery 

Cathode. Nano-Micro Lett. 2019, 11 (1), 1–11. https://doi.org/10.1007/s40820-019-0256-2. 

(19)  Deivanayagam, R.; Ingram, B. J.; Shahbazian-Yassar, R. Progress in Development of Electrolytes 

for Magnesium Batteries. Energy Storage Mater. 2019, 21, 136–153. 

https://doi.org/10.1016/j.ensm.2019.05.028. 

(20)  Wang, F.; Borodin, O.; Gao, T.; Fan, X.; Sun, W.; Han, F.; Faraone, A.; Dura, J. A.; Xu, K.; 

Wang, C. Highly Reversible Zinc Metal Anode for Aqueous Batteries. Nat. Mater. 2018, 17 (6), 

543–549. https://doi.org/10.1038/s41563-018-0063-z. 

(21)  Boaretto, N.; Meabe, L.; Martinez-Ibañez, M.; Armand, M.; Zhang, H. Review—Polymer 

Electrolytes for Rechargeable Batteries: From Nanocomposite to Nanohybrid. J. Electrochem. 

Soc. 2020, 167 (7), 070524. https://doi.org/10.1149/1945-7111/ab7221. 

(22)  Fang, G.; Zhu, C.; Chen, M.; Zhou, J.; Tang, B.; Cao, X.; Zheng, X.; Pan, A.; Liang, S. 

Suppressing Manganese Dissolution in Potassium Manganate with Rich Oxygen Defects Engaged 

High-Energy-Density and Durable Aqueous Zinc-Ion Battery. Adv. Funct. Mater. 2019, 29 (15). 

https://doi.org/10.1002/adfm.201808375. 

(23)  Peter, S.; Lyczko, N.; Gopakumar, D.; Maria, H. J.; Nzihou, A.; Thomas, S. Chitin and Chitosan 

Based Composites for Energy and Environmental Applications: A Review. Waste Biomass 

Valorization 2020 129 2020, 12 (9), 4777–4804. https://doi.org/10.1007/S12649-020-01244-6. 

(24)  Muhmed, S. A.; Nor, N. A. M.; Jaafar, J.; Ismail, A. F.; Othman, M. H. D.; Rahman, M. A.; Aziz, 

F.; Yusof, N. Emerging Chitosan and Cellulose Green Materials for Ion Exchange Membrane Fuel 

Cell: A Review. Energy, Ecol. Environ. 2019 52 2019, 5 (2), 85–107. 

https://doi.org/10.1007/S40974-019-00127-4. 

(25)  Yahya, M. Z. A.; Arof, A. K. Effect of Oleic Acid Plasticizer on Chitosan-Lithium Acetate Solid 

Polymer Electrolytes. Eur. Polym. J. 2003, 39 (5), 897–902. https://doi.org/10.1016/S0014-

3057(02)00355-5. 

(26)  Yang, R.; Li, H.; Huang, M.; Yang, H.; Li, A. A Review on Chitosan-Based Flocculants and Their 

Applications in Water Treatment. Water Res. 2016, 95, 59–89. 

https://doi.org/10.1016/j.watres.2016.02.068. 

(27)  Mohamed, N. S.; Subban, R. H. Y.; Arof, A. K. Polymer Batteries Fabricated from Lithium 

Complexed Acetylated Chitosan. J. Power Sources 1995, 56 (2), 153–156. 

https://doi.org/10.1016/0378-7753(95)80027-E. 

(28)  Saberi Riseh, R.; Gholizadeh Vazvani, M.; Hassanisaadi, M.; Skorik, Y. A. Micro-/Nano-

Carboxymethyl Cellulose as a Promising Biopolymer with Prospects in the Agriculture Sector: A 

Review. Polymers (Basel). 2023, 15 (2), 440. https://doi.org/10.3390/POLYM15020440. 

(29)  Rosca, C.; Popa, M. I.; Lisa, G.; Chitanu, G. C. Interaction of Chitosan with Natural or Synthetic 

Anionic Polyelectrolytes. 1. The Chitosan-Carboxymethylcellulose Complex. Carbohydr. Polym. 

2005, 62, 35–41. https://doi.org/10.1016/j.carbpol.2005.07.004. 

(30)  Shang, J.; Shao, Z.; Chen, X. Electrical Behavior of a Natural Polyelectrolyte Hydrogel: 

Chitosan/Carboxymethylcellulose Hydrogel. Biomacromolecules 2008, 9 (4), 1208–1213. 

https://doi.org/10.1021/bm701204j. 

(31)  Bratskaya, S.; Privar, Y.; Nesterov, D.; Modin, E.; Kodess, M.; Slobodyuk, A.; Marinin, D.; 

Pestov, A. Chitosan Gels and Cryogels Cross-Linked with Diglycidyl Ethers of Ethylene Glycol 

and Polyethylene Glycol in Acidic Media. Biomacromolecules 2019, 20 (4), 1635–1643. 

https://doi.org/10.1021/ACS.BIOMAC.8B01817. 

(32)  Mittal, H.; Ray, S. S.; Kaith, B. S.; Bhatia, J. K.; Sukriti; Sharma, J.; Alhassan, S. M. Recent 

Progress in the Structural Modification of Chitosan for Applications in Diversified Biomedical 

Fields. Eur. Polym. J. 2018, 109, 402–434. https://doi.org/10.1016/J.EURPOLYMJ.2018.10.013. 

(33)  Thakur, V. K.; Thakur, M. K. Recent Advances in Graft Copolymerization and Applications of 



87 
 

Chitosan: A Review. ACS Sustain. Chem. Eng. 2014, 2 (12), 2637–2652. 

https://doi.org/10.1021/SC500634P. 

(34)  Uyanga, K. A.; Daoud, W. A. Carboxymethyl Cellulose-Chitosan Composite Hydrogel: Modelling 

and Experimental Study of the Effect of Composition on Microstructure and Swelling Response. 

Int. J. Biol. Macromol. 2021, 181, 1010–1022. https://doi.org/10.1016/J.IJBIOMAC.2021.04.117. 

(35)  Akhtar, M. F.; Hanif, M.; Ranjha, N. M. Methods of Synthesis of Hydrogels … A Review. Saudi 

Pharm. J. 2016, 24 (5), 554–559. https://doi.org/10.1016/J.JSPS.2015.03.022. 

(36)  Dragan, E. S.; Dinu, M. V. Advances in Porous Chitosan-Based Composite Hydrogels: Synthesis 

and Applications. React. Funct. Polym. 2020, 146, 104372. 

https://doi.org/10.1016/J.REACTFUNCTPOLYM.2019.104372. 

(37)  Zhang, H.; Zhang, F.; Wu, J. Physically Crosslinked Hydrogels from Polysaccharides Prepared by 

Freeze–Thaw Technique. React. Funct. Polym. 2013, 73 (7), 923–928. 

https://doi.org/10.1016/J.REACTFUNCTPOLYM.2012.12.014. 

(38)  Guan, Y.; Bian, J.; Peng, F.; Zhang, X. M.; Sun, R. C. High Strength of Hemicelluloses Based 

Hydrogels by Freeze/Thaw Technique. Carbohydr. Polym. 2014, 101 (1), 272–280. 

https://doi.org/10.1016/J.CARBPOL.2013.08.085. 

(39)  Khorasani, M. T.; Joorabloo, A.; Adeli, H.; Mansoori-Moghadam, Z.; Moghaddam, A. Design and 

Optimization of Process Parameters of Polyvinyl (Alcohol)/ Chitosan/Nano Zinc Oxide Hydrogels 

as Wound Healing Materials. Carbohydr. Polym. 2018, 207, 542–554. 

https://doi.org/10.1016/j.carbpol.2018.12.021. 

(40)  Noori, S.; Kokabi, M.; Hassan, Z. M. Poly(Vinyl Alcohol)/Chitosan/Honey/Clay Responsive 

Nanocomposite Hydrogel Wound Dressing. J. Appl. Polym. Sci. 2018, 135 (21), 46311. 

https://doi.org/10.1002/APP.46311. 

(41)  Khorasani, M. T.; Joorabloo, A.; Moghaddam, A.; Shamsi, H.; MansooriMoghadam, Z. 

Incorporation of ZnO Nanoparticles into Heparinised Polyvinyl Alcohol/Chitosan Hydrogels for 

Wound Dressing Application. Int. J. Biol. Macromol. 2018, 114, 1203–1215. 

https://doi.org/10.1016/J.IJBIOMAC.2018.04.010. 

(42)  Maitra, J.; Shukla, V. K.; Kumar Shukla, V. Cross-Linking in Hydrogels-a Review. Am. J. Polym. 

Sci. 2014, 2014 (2), 25–31. https://doi.org/10.5923/j.ajps.20140402.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



88 
 

5. Appendixes  
 

5.1. Notifications of acceptance of the articles. 

5.1.1. Article published in the Journal Polymers 

 

 

 

 



89 
 

5.1.2. Article published in the Journal Batteries  
 

 
 
 
 
 
 
 
 



90 
 

5.1.3. Article published in the Journal of the Electrochemical Society 
 

 

5.2. Impact Factors of Publications 
 

• Article published in the Journal Polymers 
 

Bósquez-Cáceres, M. F.; Hidalgo-Bonilla, S.; Córdova, V. M.; Michell, R. M.; Tafur, J. P. 

Nanocomposite Polymer Electrolytes for Zinc and Magnesium Batteries: From Synthetic to 

Biopolymers. Polymers (Basel). 2021, 13 (24), 4284. 

https://doi.org/doi.org/10.3390/polym13244284.  

Impact Factor: 4.967 (2021) 

Citescore: 5.7 

  
 

https://doi.org/doi.org/10.3390/polym13244284


91 
 

• Article published in the Journal Batteries 
 

Bósquez-Cáceres, M. F.; De Lima, L.; Morera Córdova, V.; Delgado, A. D.; Béjar, J.; Arjona, 

N.; Álvarez-Contreras, L.; Tafur, J. P. Chitosan-Carboxymethylcellulose Hydrogels as 

Electrolytes for Zinc-Air Batteries: An Approach to the Transition towards Renewable Energy 

Storage Devices. Batteries 2022, 8 (12), 265. https://doi.org/10.3390/batteries8120265.  

Impact Factor: 5.938 (2021) 

Citescore: 7.9  

 
 

• Article published in the Journal of the Electrochemical Society 

Bósquez-Cáceres, M. F.; Béjar, J.; Álvarez-Contreras, L.; Tafur, J. P. Enhancing Electrochemical 

Performance of Zinc-Air Batteries using Freeze Crosslinked Chitosan-Carboxymethylcellulose 

Hydrogels as Electrolytes. J. Electrochem. Soc. 2023, 170, 060502. https://doi.org/10.1149/1945-

7111/acd876  

Impact Factor: 4.386 (2021) 

Citescore: 6.6 

 

https://doi.org/10.3390/batteries8120265
https://doi.org/10.1149/1945-7111/acd876
https://doi.org/10.1149/1945-7111/acd876

		2023-05-31T10:09:34-0500
	MARIA FERNANDA BOSQUEZ CACERES


		2023-05-31T10:13:16-0500
	MARIA FERNANDA BOSQUEZ CACERES




