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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 liquidos o en otras aplicaciones de dispositivos de
almacenamiento de energia. En concreto, el uso de biopolimeros con un enfoque en la sostenibilidad lleva
a una amplia investigacion en esta area que todavia tiene mucho trabajo por hacer.

Esta tesis de licenciatura recoge el trabajo incluido en tres articulos publicados en prestigiosas revistas
cientificas. En ellos se refleja la revision del estado del arte en el area de electrolitos poliméricos para
baterias de zinc y magnesio. Ademas, se presenta la sintesis y caracterizacion de nuevos hidrogeles como
electrolitos basados en quitosano, carboximetilcelulosa, y distintas concentraciones de entrecruzante
quimico de 4cido citrico. Posteriormente, se propone una modificacion en el proceso de sintesis de los
hidrogeles anteriormente realizados, para utilizar estrategias de congelamiento que potencien las
propiedades requeridas en las membranas para ser aplicables como electrolitos de baterias zinc-aire.

Los materiales resultantes han demostrado propiedades estructurales y térmicas adecuadas. Ademas, han
obtenido notables valores de conductividad i6nica de hasta 0.39 S-cm™, y de capacidad de descarga en
bateria de 1899 mA-h g%, sentando un precedente para la préxima generacién de biomateriales con
aplicaciones energéticas.

Palabras Clave:

Electrolitos poliméricos, biopolimeros, técnicas de entrecruzamiento, baterias 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™?, and battery discharge capacity of 1899
mA-h g, 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 efficiency’=. In addition,

they are highly reactive, costly, unsafe, and environmentally polluting*’.

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 battery®°. Besides, they can cause problems
such as preferential nucleation and uneven currents during charging causing fires'*'2. 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 performance®*-'5. 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
resistance’. 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 potential*®!’. In addition, it possesses some fundamental characteristics for this application
area, such as lower reactivity, high abundance, low cost, low toxicity, and intrinsic safety'®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 electrolytes?®24, CS is produced from the deacetylation reaction of chitin, which; is a natural
polysaccharide normally found in the exoskeleton of arthropods and various fungi?®. CS is widely applied
in many fields, such as biotechnology and biomedicine?®. 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° S cm™?)?, 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 hydrophilicity?®. 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 groups?®. 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 glycol®™* 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 networks®*. 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 others®. “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 structure®. It is reported that the stability of hydrogels obtained by this method



increases with the number of (F-T) cycles®. 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 obtained®****. 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.

Thesis

Breaking New Grounds in Zinc-Air Battery Research:
Studying the Effects of Innovative Drying Techniques on
the Structural and Electrochemical Properties of
Carboxymethylcellulose - Chitosan - Citric Acid
Hydrogels as Next-Generation Electrolytes.

y
Article 1

State-of-the-art Revision Paper:

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

Article 2 Article 3

Casting-dried Hydrogels Freeze-thawed and Freeze-dried Hydrogels

Chitosan-Carboxymethylcellulose >l

Hydrogels as Electrolytes for Zinc—Air Enhancing Electrochemical Performance of
Batteries: An Approach to the Transition Zinc-Air Batteries using Freeze Crosslinked
towards Renewable Energy Storage Carboxymethylcellulose-Chitosan
Devices Hydrogels as Electrolytes.
/
Conclusions

Figure 1. Flowchart of the articles that make up this integration curricular work.



1.2.  General and Specific Objectives
1.2.1. General Objective

e 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.

e 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.

e To characterize the designed hydrogels in terms of their structural, thermal, and electrochemical
properties.

o To apply and evaluate the synthesized hydrogels in Zinc-air battery prototypes.



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 (NCPESs) 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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Abstract: The diversification of current forms of energy storage and the reduction of fossil fuel
consumption are issues of high importance for reducing environmental pollution. Zinc and mag-
nesium are multivalent ions suitable for the development of environmentally friendly rechargeable
batteries. Nanocomposite polymer electrolytes (NCPEs) are currently being researched as part of
electrochemical devices because of the advantages of dispersed fillers. This article aims to review
and compile the trends of different types of the latest NCPEs. It briefly summarizes the desirable
properties the electrolytes should possess to be considered for later uses. The first section is devoted
to NCPEs composed of poly(vinylidene Fluoride-co-Hexafluoropropylene). The second section
centers its attention on discussing the electrolytes composed of poly(ethylene oxide). The third
section reviews the studies of NCPEs based on different synthetic polymers. The fourth section
discusses the results of electrolytes based on biopolymers. The addition of nanofillers improves both
the mechanical performance and the ionic conductivity; key points to be explored in the production
of batteries. These results set an essential path for upcoming studies in the field. These attempts
need to be further developed to get practical applications for industry in large-scale polymer-based
electrolyte batteries.

Keywords: polymer electrolytes; composites; biopolymers; zinc batteries; magnesium batteries;
properties

1. Introduction

The development of new ways of obtaining energy from environmentally friendly
materials is directly related to the need for developing devices capable of storing the power
generated. Some devices are designed to store energy, such as rechargeable batteries,
capacitors, sensors, and dye-sensitized solar cells (DSSC) [1]. Among these devices, bat-
teries are the most used in everyday life around the world. The main disadvantage of
the batteries currently in use, for example, lithium-ion batteries (LIBs), is that they can
undergo thermal runaway, form protrusions, show low energy density, and low cycling
efficiency [2-4]. Moreover, they are highly reactive, expensive, unsafe, and are a pollutant
for the environment [5-10].

Some of the devices that could resolve the disadvantages identified for LIBs are redox
flow batteries [11-13] and fuel cells [14-16], as they have no thermal runaway problem,
and they are safe and less expensive. Among these energy storage options, zinc and
magnesium are currently the multivalent ions in the sight of replacing lithium as the
most reliable options to develop eco-friendly rechargeable batteries. Magnesium is the 8th
most abundant metal in the Earth’s crust [17], while zinc is the 24th most abundant [18],
with an estimated 2800 million metric tons (Mt) of zinc contained in the Earth’s crust [19].
Furthermore, magnesium and zinc can be recycled cheaply; in addition, they do not
lose their physical properties [13,14] that contribute significantly to sustainability, aiming
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to reduce concentrate demand, energy consumption, and minimize waste disposal and
pollutant emissions. On the other hand, it is known that lithium reserves present an amount
of only 17 million Mt [20], and recycling lithium, which at present is heavily dependent
on cobalt content, requires improvement due to environmental and economic concerns,
besides the lower value of the recovered materials [21].

Zinc batteries present key features for battery” performance including high volume
capacity [22] and little redox potential [23]. On the other hand, magnesium batteries
possess a low electrode potential and a high volumetric capacity, almost double the Li-
metal value [24]. Besides, zinc and magnesium have lower reactivity, lower cost, low
toxicity, and intrinsic safety [25-29], critical characteristics for developing sustainable
energy storage devices.

These batteries have a wide range of application fields in energy storage/release
systems ranging from technological and military applications, to vehicles and wearable
electronics [30-32]. To develop adequate energy storage devices for the end-users, one of
the crucial features is whether the battery is only suitable for base station energy storage, or
if it could also be employed for flexible devices. Hence, another point for the development
of eco-friendly batteries is the physical state of the electrolyte. Currently, batteries use the
electrolyte in a liquid state, which has safety, toxicity, flammability, and leakage drawbacks.
In addition, other characteristics of current batteries, such as bulky design, electrode
corrosion occurring at the interfaces, and dendrite growth on the metal electrode, reduce the
capacity and life cycle of the device [33-35]. They can even lead to preferential nucleation
and uneven currents during charging [36] and cause fires [37]. These issues are why current
battery development strategies focus on using solid or gel-based electrolytes, improving
the electrochemical properties.

Polymer electrolytes (PEs) have the most far-reaching advantages among all types
of solid-state and gel-based electrolytes. They stand out for their high flexibility and
good performance [38-40]. However, the main problem of these electrolytes is that they
present low battery efficiency, insufficient ionic conductivities for practical applications,
insufficient electrochemical stabilities, poor mechanical strength, and substantial interfacial
resistance [10]. Therefore, recent research has focused on incorporating inorganic phases;
these hybrid systems have higher ionic conductivity and mechanical stiffness and are
non-flammable [29,41,42].

From this approach, nanocomposite polymer electrolytes (NCPEs) were born. The
first report mentioning the addition of inorganic fillers in PEs was reported by Weston et al.
in 1982 [43]. These authors showed how the combination of both phases reduced the
drawbacks of electrolytes that did not combine inorganic/organic phases. Since then,
several papers have been published to assemble PEs and NCPEs for Zn and Mg that could
be considered for industrial applications [2,10,44-48].

Biopolymers are in the main scope of this review, focusing on developing electrolytes
that can be considered environmentally friendly and biocompatible. However, it is worth
mentioning that for a biopolymer to be considered environmentally friendly, the resource
and the production method are vital characteristics to be taken into account [49]. On the
other hand, biopolymers are characterized by their natural abundance, cost-effectiveness,
high solvent compatibility, and film-forming ability. Some reviews focusing on biopoly-
mer electrolytes have been published [50-52]. However, nanofillers are a new approach
discussed here to get a precedent for further research and obtain better results for practical
applications among this type of polymers.

NCPEs must meet specific requirements to be suitable rechargeable batteries. The
polymer that acts as the host should possess an amorphous or low crystalline nature [53].
The cation—polymer interaction must be sufficiently strong to promote dissolution but
not so strong as to inhibit ion exchange [54]. The designed electrolyte should be able
to take up polar groups with a high molecular weight in its chain apart from sufficient
electron-pair donors for coordination with cations [53], to achieve a good performance in
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cationic transport number, more significant than with anionic to reduce the concentration
gradients for obtaining repeated charge-discharge steps and high-power density [55].
The electrolyte should undergo no net chemical changes of the battery. All Faradaic
processes are expected to occur within the electrodes [56] since the electrolyte needs to be
an inert battery part. Figure 1 presents the discharge scheme for a typical battery, whose
circuit is closed so that electrons can get to the cathode. The performance level requires
ionic conductivities values of at least 1073 S-cm™!. Moreover, it needs to show the lowest
glass transition temperature (Tg) [54] possible, key for obtaining the highest conductivities,
resulting in increased local segmental motion and, therefore, high diffusivity of the ions.

Anode
MMM M

Polymer electrolyte Cathode

MM

MY MMM

MM MM M

MM MY M

MM M

MMM M

MM (M

MM MM

M: Zinc or Magnesium

Figure 1. Schematic diagram of Zn-ion and Mg-ion battery discharge. Reproduced with permission
from Renew. Sustain. Energy Rev., 65, Singh et al., Perspectives for solid biopolymer electrolytes in
dye sensitized solar cell and battery application, 1098-1117, 2016 [50].

For good performance, it is also relevant to fulfill some electrochemical properties [57],
such as high decomposition potential, low interfacial resistance, as well as some degree
of stiffness, high chemical and thermal stability, to be durable for a long time under the
conditions in which the device in which it is to be used operates [53]. Finally, rentability in
the production process is indispensable since the main goal of the development is to take it
to the industrial scale. As reviewed so far, these are the most important characteristics to
consider when studying electrolytes used in zinc and magnesium batteries.

In this review, the recent advances of NCPEs for magnesium and zinc rechargeable
batteries are overviewed, with a particular interest in the results regarding their ionic
conductivities, electrochemical stabilities, and general performances in battery systems.
This field continues thriving; still, new aspects of the nanoparticles” effects on the physical-
chemical properties of the polymer electrolytes and their based power sources are ever
discovered and need to be discussed to set an outline on future directions and challenges
that come with the development of NCPEs for new batteries on worldwide demand.

2. Poly(vinylidene fluoride co-hexafluoropropylene)’s-Based Nanocomposite
Polymer Electrolytes

Copolymerization is one of the most effective methods to improve the mechanical
stability and electrical conductivity of materials [58-60]. Poly(vinylidene Fluoride-co-
Hexafluoropropylene) polymer matrix (PVDF-co-HFP) has been extensively used for
different purposes. It has an excellent performance in fuel cells, dye-synthetized solar cells,
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membrane distillation, and other electrochromic applications [61-64]. The block copolymer
structure includes a crystallizable comonomer (-CH-CF;-) and an amorphous HFP unit
with a high dielectric constant (¢ = 8.4), thanks to the presence of highly electronegative
fluorine and the spontaneous alignment of C-F dipoles in the crystalline phases [65-67].

The copolymer presents a high solubility and lower crystallinity and glass transition
temperature [68] than Poly(vinylidene Fluoride) (PVDF), making it a promising matrix
for preparing nanocomposites, despite its non-biodegradability. Furthermore, the degree
of crystallinity remaining in the system helps retain sufficient mechanical stability and
structural rigidity to act as a separator between the battery’s electrodes [69]. At the same
time, the amorphous phase can serve as the conductive medium.

2.1. Magnesium-Ion Conduction

Within the field of rechargeable batteries, several studies have applied PVDF-co-HFP
as a component of the electrolyte. The most recent ones were compiled in a review article,
which focuses on lithium-sulfur batteries [70]. However, as reported, the balance between
industrial development and environmental protection makes it essential to develop high
energy density and non-pollutant rechargeable batteries, with magnesium ion and organic
electrode batteries as the directions for post-lithium batteries [71]. For reference, Table 1 lists
some properties of the nanocomposites employed along with PDVF-co-HFP as electrolytes
for magnesium batteries.

Table 1. A summary of NCPEs composed of PVDF-co-HFP for magnesium batteries.

Conductivity

Activation

Electrochemical

Nanocomposite Ionic Salt (S-cm-1) 10-3 Energy (¢V) Stability Window (V) State Reference
Mg(Tf), 0.15 - 5 Gel [72]
No added Mg(gCIO4)2 0.293 0.33 4 Solid (73]
Mg(ClO,), 32 43 Gel [74]
SiO, Mg(ClOy), 11 - 35 Gel [75]
Mg(ClOy4), 10 - 3:5 Gel [76]
Al,O3 Mg(Tf)2 33 - 33 Gel [77]
MgAl,O4 Mg(Tf), 4.0 - 3.3 Gel [77]
ALOs3 * Mg(NO3), 0.101 3 - Solid [78]
MgO Mg(ClOy), 8 0.235 35 Gel [79]
Mg(CIOy), 6 0.032 35 Gel [75]
MgO * Mg(NO3), 0.104 0.45 o Solid [80]
MgO and SiO, Mg(ClOy), 10 and ~9 - - Gel [81]
ZnO MgCl, 0.12 0.45 - Solid [82]
ZnO* Mg(NO3); 0.37 - - Solid [83]
BaTiO3 Mg(Tf), 0.411 - - Solid [84]
TiO, * Mg(NO3), 0.010 0.30 - Solid [85]

* PVDF without copolymerization with HFP.

Maheshwaran et al. [72] studied the role that the salt added to the polymer had and
how its amount affected the results. They developed a magnesium ion conducting gel
polymer electrolytes (GPE) based on PVdF-co-HFP, magnesium triflate Mg(Tf),, in ethylene
carbonate (EC), and diethyl carbonate (DEC). The analysis of this polymeric electrolyte
by X-ray diffraction (XRD) showed a decrease in the crystallinity with the addition of
salt. Moreover, FT-IR confirmed that magnesium triflate could suppress the nonpolar
o crystalline phase of PVDFE. Consequently, the electrolyte offered a predominant ionic
character with a total ion transport number close to unity, making it considered to a certain
extent for batteries because it was freestanding and stable. However, its considerably low
ionic conductivity made it inappropriate, although it became a precedent for what can
be achieved.

Solid polymer electrolytes (SPE) with PVDF-co-HFP as a polymer matrix were also
studied. Ponmani et al. [73] blended this matrix with Poly(vinyl acetate) (PVAc) and
added magnesium perchlorate Mg(ClOy), salt. The SPE film was found to be flexible,
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and the maximum ionic conductivity found was 0.293 x 1073 S-cm™!, obtained at 363 K.
Cyclic voltammetry (CV) studies confirmed the Mg ion reversibility that demonstrated its
conduction in the SPE.

One of the first electrolytes that employed PVDF-co-HFP was a magnesium-ion
conducting GPE, composed of 15% of PVdF-co-HFP, 73% of Mg(ClOy), in EC/propylene
carbonate (EC/PC), and 12% silicon dioxide (SiO,) [74]. The cell in which this electrolyte
was tested employed magnesium as anode and vanadium oxide (V70s) as the cathode, The
tests demonstrated low initial discharge capacity and poor cycling performances. These
disadvantages could be attributed to high interfacial resistance at Mg anode [74]. The
main problem identified from this research was the blocking of the charge transfer reaction,
highlighting that further research on the interface should be conducted so that the cycling
performance could be improved to a practical level.

Magnesium oxide (MgO) showed beneficial features in inducing consistent improve-
ments in liquid electrolyte retention and the overall chemical, physical, and electrochemical
properties in the work performed by Pandey et al. [79]. They presented novel research
dispersing PVdF-co-HFP with nanosized MgO particles. It was analyzed by XRD patterns,
obtaining a semi-crystalline structure with predominant peaks in 26 = 14.6, 17, 20, 26.6, and
38°. These changes in the peaks showed the reduction in crystallinity of the PEs, caused by
the entrapment of liquid electrolytes. FT-IR spectroscopic analysis was conducted to look
over the ion-polymer interaction and the conformational changes, confirming the reduction
of crystallinity. The Tg was observed at —65 °C for pure PVDF-co-HFP film, while with the
addition of magnesium oxide, the value came down to —90 °C.

Electrodes play an important role when performing efficiency analysis. Pandey et al. [75]
demonstrated the previous NCPE in a prototype cell of magnesium and multiwalled carbon
nanotubes (MWCNT) composite as the negative electrode and the corresponding positive
one with vanadium pentoxide (V;0s). The rechargeability of the cell was enhanced by
substituting magnesium with Mg-MWCNT composite as the negative electrode. The dis-
charge capacity faded away after ten cycles, attributed to the passivation of the negative
electrode. Nevertheless, the electrolyte showed to be free-standing and flexible, with enough
mechanical strength.

The role of fillers has been shown to be of great importance. These nanocomposites
can form space-charge regions and induce a local electric field. This phenomenon was first
approached by Kumar [86], who revealed the electric charge and area associated with the
particle interact with the structure of the liquid electrolyte, provoking the space-charge region.
It can be described as containing free electrons at the surface of the nanocomposite, and
cations along with dipoles at the adjacent double-layer balance the surface electronic charge
(Figure 2). Magnesium oxide is known to be slightly electronegative in nature. In the systems
studied, a reversible reaction between the magnesium oxide and the magnesium (II) ion took
place and formed the space-charge region, giving place to the MgO:Mg?* species [75].

Positively
" Charged Ion
Surface
Charge ~___
Nanocomposite
Particle Dlpole

Figure 2. Schematic representation of the space charge and local electric field formation around a
nanocomposite particle.
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Magnesium oxide nanoparticles were combined with nano-sized silicon dioxide in
a novel electrolyte by Pandey et al. [81]. When relating conductivity to filler content
(Figure 3), the presence of two conductivity maxima was noticed, explained by the dis-
sociation of ion aggregates/undissociated salt into free ions with the addition of filler
particles (the first peak). The second maximum was described using the composite effect
and based on a conducting interfacial space-charge double layer between the filler par-
ticles and the GPE. This local field was responsible for enhanced Mg?* ion motion and
enhanced transport number up to the addition of ~10 wt % of MgO. The cationic transport
number measurements (t.) also showed essential results, in which the best improvement
was obtained by the presence of MgO particles (~0.44). On the other hand, with the
addition of SiO, dispersion, the t, value did not increase substantially. Finally, for this
polymer, it was pointed out that the nano-sized MgO supported the cationic motion. In
contrast, the nano-sized SiO; supports the anion conduction in the filler/gel electrolyte
interfacial regions.

0.014

- First Peak

0.012 L [ Sccond Peak

0.010 | 3Wt% _ 9wi9

3 wt.%
0.008 \ \
0.006
0.004

0.002

0.000 R . k

@ (b) (©)

Ionic Conductivity (S cm?)

Figure 3. Room temperature conductivity peaks of composite gel polymer electrolyte films vs filler
content: (a) nano-sized MgO, (b) micro-sized MgO, and (c) nano-sized SiO,. Prepared from data in [81].

Nanosized silicon dioxide was ultimately tested with the addition of molybdenum
trioxide (MoQO3) as the positive electrode in a posterior study [76]. This cell showed a
discharge capacity of ~175 mAh-g~! for an initial ten charge-discharge cycles. In addition,
it presented the same conductivity value as the last cell. Finally, good thermal stability with
a single-phase behavior was presented at a temperature range from —70 °C to 80 °C. En-
hanced conductivity was attributed once again to the space-charge layers formed between
the filler and GPE.

The effect of active and passive nanofillers, along with the copolymer, was studied
for Mg NCPEs by Sharma et al. [77], incorporating Mg-triflate salt mixed with EC and
PC, entrapped in PVDF-co-HFP. Aluminium oxide (Al,03) and Mg aluminate (MgAl,Oy4)
were used as passive and active fillers. The reduction of crystallinity was achieved as
expected and confirmed by XRD, Field emission scanning electron microscopy (FESEM),
and Differential Scanning Calorimetry (DSC) studies. By FESEM (Figure 4), it was observed
that undispersed GPE showed larger grain sizes and possessed uniformly distributed
pores. The incorporation of nanofillers in the undispersed GPE changes its morphology
substantially. It was further proved that as the number of fillers increases its porosity leads
to the entrapment of liquid electrolyte in the pores (demonstrated by the fillers not being
seen in the NCPE (Figure 4¢,f)), which further enhanced the ionic conductivity of the NCPE.
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The addition of the passive filler conferred the cell to have a relatively good mechanical
stability and thermally stability up to 100 °C. The active filler ensured an improvement in
the ion transport number. The obtained electrochemical stability window (ESW) was key,
showing their potential as electrolytes in ionic devices.

5 pm

Figure 4. FESEM images of pure (a) PVdF-co-HFP film and nanocomposite GPE films containing (b) 0 wt %, (c) 6 wt %
Al O3, (d) 30 wt % Al O3, (e) 6 wt % MgAl,Oy, and (f) 20 wt % MgAl,O4. Reproduced with permission from Polym.
Compos., 40, Sharma et al., Magnesium ion-conducting gel polymer electrolyte nanocomposites: Effect of active and passive
nanofillers, 1295-1306, 2019 [77].

The latest report of PVDF-co-HFP electrolyte for magnesium batteries known so far
implemented zinc oxide (ZnO) as nanofiller along with Magnesium chloride (MgCl,) as
ionic salt [82]. A transport number of 0.99 was achieved; the current change indicated
that conductivity in the NCPE was predominantly ionic. PVDF was incorporated without
copolymerizing it with HFP in a magnesium NCPE, along with MgO as a nanofiller [80].
The optimum nanofiller concentration (3wt %) was chosen to be the most suitable one with
a conductivity of 1.04 x 107* S.cm~!. On further increase in nanofiller concentrations, the
ionic conductivity value decreased. Thermal stability and reduced melting point temper-
ature were confirmed through thermogravimetric analysis (TGA) and XRD. Magnesium
oxide nanoparticles enhanced the ionic conductivity and dielectric constant, confirmed by
complex impedance spectroscopy [80]. The authors recently presented similar results with
the addition of zinc oxide particles [83].

The results presented until now (Table 1) confirm the enhanced high ionic conductivity
present in PVDE-co-HFP nanocomposite polymer electrolytes compared to the SPE systems
and better thermal and mechanical stability compared to liquid systems. The enhancement
in conductivity may be caused by the presence of the nanoparticles, facilitating the new
kinetic path for ionic transport and polymer segmental motion. However, another con-
clusive characteristic is that when a specific percentage of nanofiller is added, 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. So far, they
are probably one of the best options to study and meet all the requirements for future use
instead of lithium-ion conductive systems.
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2.2. Zinc-Ion Conduction

Besides magnesium, zinc presents many advantages associated with zinc chemicals,
as batteries of high specific/volumetric energy density can be fabricated. Ionic radii of
Zn?* (74 pm) and that of Li* (68 pm) are quite comparable, but Zn?* has twice as much
charge as Li* cation [87]. Furthermore, the natural resources of zinc are plentiful, and
its stability makes it able to be handled safely in oxygen and humid atmosphere. The
so-mentioned dielectric constant of PVDF-co-HFP is also known to generally assist in more
significant ionization of zinc salts and then provide a high concentration of charge carriers.
Consequently, Table 2 lists some properties of the nanocomposites employed along with
PDVF-co-HFP as electrolyte for zinc batteries.

Table 2. A summary of NCPEs composed of PVDF-co-HFP for zinc batteries.

g ; Conductivity Activation Electrochemical

Nanocomposite Ionic Salt (S-em-1)10-3 Energy (eV) Stability Window (V) State Reference

Zn(Tf), 1.73 0.025 - Gel [88]

No Added Zn(Tf), 244 x 1072 0.380 345 Solid [89]

Zn(Tf), 0.144 - 414 Solid [90]

TiO, Zn(Tf), 0.34 - - Solid [91]

7ZrO, Zn(Tf), 0.46 - 2.6 Solid [92]

ZnO Zn(Tf), 6.7 - 45 Gel [93]

; Zn(Tf), 0.3 - 2.7 Solid [57]

Cetlhids NH;CF350; 1.07 . ; Solid [94]

Tafur et al. [88] studied GPEs composed of PVdF-co-HFP with different ionic liquids,
with and without zinc triflate salt. From attenuated total reflectance-Fourier transform
infrared (ATR-FT-IR) and XRD spectroscopies, it was deduced that incorporating the
ionic liquid and salt to the matrix produced more amorphous and polar membranes when
comparing it to the original PVDF-co-HFP film. Besides, the electrical properties had shown
to be dependent on the ionic liquid employed, aspect confirmed by measurements on ionic
conductivity, impedance, and voltammetry. This report also studied the influence of the
ionic liquid type on the performance of the GPE for Zn batteries. From ionic conductivity,
impedance, and voltammetry measurements, changes in the results were observed when
the salt was not added, or the added quantity was too low, indicating that the salt is the
important charge carrier independent of the ionic liquid.

In another report, Tafur et al. [95] designed a battery employing manganese dioxide
(MnO;) as the cathode, zinc as the anode, and the GPE was assembled by the use of PVDF-
co-HFP including 1-Butyl-3-methylimidazolium trifluoromethanesulfonate, 99% (BMIM
Tf), and zinc triflate (Zn(Tf);). The electrolyte was then analyzed by X-ray photoelectron
spectroscopy and Energy Dispersive X-Ray techniques. The remarkable results from the
study showed the charge storage mechanism, which began with the reduction of Mn** to
Mn2* species, at the same time as 7Zn%* cations, together with triflate ions, intercalate the
cathode material during the discharge process. In the recharge process, it was evidenced
that Mn?* species returned to the positive electrode, and they were oxidized mainly to
Mn**. Moreover, Mn?* was not reduced to Mn in the anode during the recharge process.
Nevertheless, in every completed process, Zn?* cations were not expulsed, remaining
inside the electrode, probably stabilized by the triflate anions, which were not expulsed
either. Besides, with the addition of an ionic liquid to the GPE, it was observed that the
interaction between the zinc-ion and PVDF chains became weaker, enhancing ion mobility.

A zinc battery was designed with an SPE [89] based on PVDF-co-HFP with zinc
triflate, obtaining a low crystallinity elucidated by XRD and scanning electron microscopy
(SEM). CV of the SPE curve was flat without the presence of peaks. This fact indicated
that the film presented excellent stability. No decomposition occurred in the operating
voltage range and ESW of 3.45 V. These results were improved in a recent study performed
by Liu et al. [90], where 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMITf)
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was incorporated along with the PVDF-co-HFP membranes and zinc triflate salt. The
ionic liquid has shown to reduce the crystallinity, enrich the nanopores’ structure, and
enhance the electrical and electrochemical properties of the electrolyte membranes. The
ionic conductivity was enhanced by one order of magnitude. The electrolyte membrane
was able to sustain a high thermal decomposition temperature of ~305 °C, and thus its
mechanical performance was sufficient for considering it for practical applications.

Nanocomposites became first used with PVDF-co-HFP by Muda et al. [94], who
designed a cell composed of Zn + ZnSOy4-7H,0 + polytetrafluoroethylene (PTFE) as the
anode, MnO; + PTFE as the cathode, and the electrolyte composed by PVDF-co-HFP as host
polymer, ammonium trifluoromethane sulfonate (NH4CF3S03) as ionic salt with silicon
dioxide as filler. Herein was observed the so mentioned existence of two conductivity
maxima at the concentration of 1 and 4 wt % of SiO;, in this case, attributed to two
percolation thresholds in the NCPE. The voltage was able to achieve a value of ~1.50 V to
~1.29 V. The assembled cell performed fairly well when discharged at the low current drain
or with high load resistance, showing suitability for low current drain applications.

Titanium dioxide was incorporated in an NCPE designed by Johnsi et al. [91]. Differ-
ential scanning calorimetric results confirmed that with the addition of TiO,, a reduction in
the degree of crystallinity and the Tg value was obtained. The glass transition temperature
is a fundamental parameter to grasp the structural changes of PEs occurring under various
thermal conditions. The effect of filler content on the position of glass temperature could
be evaluated from Figure 5. When more TiO, was added, these values increased slightly
instead, which could be caused by the possible agglomeration of an excess amount of
nanofillers. Furthermore, there was also evidence to ascertain that the decrease of the Tg
value reflected an increase in flexibility of polymer chains, provoking enabling fast ion con-
duction within the NCPE system. The low value of conductivity limited the applications
that could be obtained for this electrolyte.

o) EAAININNNNNNN

"

2

TiO_ concentration (wt.%)
w

-50 40 -30
T (O
g

Figure 5. Tg (°C) of the NCPE systems vs the TiO, content. Prepared from data in [91].

Active fillers were studied by Hashmi [93] with an electrolyte composed by the
addition of 1.0 M solution of zinc triflate in EC/PC immobilized in the host polymer
and ZnO nanofiller. The morphological/structural changes for this gel electrolyte were
monitored using SEM and XRD techniques. The micrographs obtained (Figure 6) showed
that the texture and morphology of the gel polymer system had also been modified,
revealing smaller crystallites and pores. For the highest amount (~25 wt %) sample, ZnO
particles appeared to be disappeared in the SEM picture (Figure 6b), probably due to
the polymer fully covering the particles, changing the texture of polymer network. On
the other hand, with 10 wt % of filler, white spots could be seen, indicating the presence
of nanoparticles in the gel network, forming a separate phase. Dark regions showed
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the micron-sized porosity from the micrographs corresponding to the undispersed GPE,
where the liquid electrolyte could be retained. Thus, the polymer films established a
semi-crystalline nature with enough porosity to maintain the ionic liquid in the electrolyte.
For this gel, the increase in ionic conductivity with the dispersion of ZnO did not signify
more than an order of magnitude, obtaining that for the undispersed sample, its value
was ~6.7 x 1073 S.cm~!. Besides, with the increasing of temperature, for the sample
of ~10 wt % ZnO particles, it offered ionic conductivities of 3.7 x 1073 S-ecm~! at 30 °C
and 1.4 x 1072 S-cm ! at 85 °C, which gave a precedent for potential application as an
electrolyte in zinc batteries and other electrochemical applications over a wider temperature
range. Furthermore, for this NCPE, a local electric field was detected due to the reversible
reaction between ZnO and Zn?*, homologous to the one previously presented in Figure 1.
Johnsi et al. [57] continued their work with passive fillers. They constructed a flexible,
free-standing, transparent film composed of [75 wt % PVDF-co-HFP:25 wt % ZnTf,]-x wt %
cerium dioxide (CeO,) where x =1, 3,5, 7, and 10, respectively. The film’s detailed FT-IR
spectral analysis indicated the feasibility of complexation between the host polymer matrix
and the salt and nanofiller. The decomposition voltage that reached a range of 2.4 to
2.7 V was a key result for this cell. Johnsi’s et al. [92] work continued with implementing
zirconium dioxide (ZrO;), with the same proportion of PVDF-co-HFP and ZnTf,, with
7 wt % nanofiller. The obtained value of ionic conductivity represented an increase in an
order of magnitude. XRD confirmed an amorphous phase present in the matrix. The cell
achieved an ESW of 2.6 V with thermal stability up to 300 °C. The resulting cell exhibited
many attractive and stable discharge characteristics for room temperature applications.

1pmi—

Figure 6. SEM micrographs of EC-PC-Zn(Tf),+PVdF-co-HFP (a) gel polymer electrolyte (magnifica-
tion, x1000); (b) gel electrolyte with magnification x5000; and (c) its nanocomposites dispersed with
ZnO particles of 10 wt % (magnification, x5000); and (d) 25 wt % (magnification, x5000) Reproduced
with permission from J. Solid State Electrochem., 16, Sellam, Enhanced zinc ion transport in gel
polymer electrolyte: Effect of nano-sized ZnO dispersion, 3105-3114, 2012 [93].

From the analysis presented in this section, it could be concluded that the addition
of active fillers has shown more promising results for the applicability of NCPEs, than
the ones with passive fillers. This assumption can be seen in Figure 7. The reports about

17



Polymers 2021, 13, 4284

11 of 38

PVDF-co-HFP, with the addition of zinc triflate salt and various nanofillers, are presented
versus their ionic conductivity obtained. Whereas the first bar, representing the NCPE
without nanofillers, has a shallow and almost imperceptible value, the bar corresponding
to the ZnO nanofiller has a clear advantage over the other nanofillers considered passive.
This assumption is explained by the fact that zinc oxide nanoparticles have been shown
to participate in the ionic conduction process. Hence, they deserve special attention for
further studies on the field, even with other polymers and ionic salts.

2
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T
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=
T

AN\
\
\
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Tonic Conductivity (S cm”) 10”

0'0 No Added TiO, ZnO CeO,

Zr02
Nanofiller

Figure 7. Plot of nanofiller versus ionic conductivity (x10~3) for nanocomposite polymer electrolyte
based on PVDF-co-HFP and zinc triflate salt. Prepared from data in [57,90-93].

3. The Poly(ethylene Oxide)’s Based Nanocomposite Polymer Electrolytes

Poly(ethylene oxide) (PEO) has been the focus of attention for many researchers among
various polyethers because it is considered to be the best solvent medium for various ionic
salts [96], and it is known to possess relatively high electrochemical stability [97]. Tt is
water-soluble and in a semi-crystalline state at room temperature [98]. It presents a single
helical structure, which also supports ionic conduction [99], favoring fast ion transport for
the electrochemical processes in the batteries. The main chain of the polymer, known to be
polar and flexible, owns vital electron-donating ether-oxygen groups, dissociating the salt,
and generating carrier ions. These ions can migrate through the amorphous region of the
polymer employing interchain/intrachain segmental motion. However, its high degree of
crystallinity makes it necessary to incorporate metal salts that impede crystallization [100].
PEO shows a low ionic conductivity of 3.32 x 1079 S-em ! at pure state [101], a fact that
could be enhanced by the addition of nanofillers, along with other approaches discussed
in this section. A review article was recently published by Feng et al. [102], where the
interaction of ceramic fillers on the performance of PEO in lithium batteries is deeply
studied. The authors concluded that composite SPEs are one of the most efficient ways to
improve the electrolytes’ ionic conductivity.

3.1. Magnesium-Ion Conduction

The primary purpose of the subsequent studies has been to elucidate the ion transfer
mechanism in the nanocomposite polymer system and enhance the ion conductivity and
mechanical strength. The present section discusses how the addition of nanocomposites
decreases the degree of crystallinity in these electrolytes. Table 3 refers to the properties of
the nanocomposites employed along with PEO as electrolytes for magnesium batteries.
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Table 3. A summary of NCPEs composed of PEO for magnesium batteries in solid-state.
5 5 Conductivity Activation Electrochemical
Nanocomposite ITonic Salt (S-em-1) 10-3 Energy (eV)  Stability Window (V) Reference
Mg(Tf), 56 0.49 4.6 [103]
No added Mg(Tf), 0.277 0.40 - [101]
Mg(ClOy4)> 0.277 0.30 - [104]
Mg(Tf), 1.67 0.34 - [101]
MgO (CH3CO0),Mg x 7H,0O 363 0.013 7.6 [105]
Mg(ClOy), 1.04 0.29 - [104]
Tio Mg(Tf), 1.53 0.38 - [101]
2 Mg(ClOy), 1.14 0.28 - [104]
Sio Mg(Tf), 0.586 0.36 - [101]
12 Mg(ClOy), 0.87 0.28 - [104]
B,O3 MgCl, 0.716 - - [106]
Starch nanocrystals
(SNCs) MgBr, 0.116 - - [107]

The studies involving PEO for magnesium-ion conduction began complexing mag-
nesium triflate and incorporating EMITS ionic liquid, reported by Kumar et al. [103]. The
ionic liquid happened to be vital in mediating the Mg?* ion conduction and the gradual
enhancement in the Mg?* ion transport number. Raman studies evidenced the interaction
of imidazolium cations with ether oxygen of PEO (Figure 8). The peak at 2871 cm ! was
found to be affected due to the complexation of PEO with Mg(Tf), salt and the addition of
ionic liquid. A peak appeared at 2848 cm™! in curve b indicated the conformational changes
of PEO chains after its complexation with Mg-salt. Besides, the PEO peak of 2871 cm !
decreased and almost disappeared for the higher ionic liquid content. An additional peak
(shoulder) appears at ~1025 em™! (Figure 8c—f), presumably because of the free triflate
anions from EMITf. Such anions would be free only when EMI+ ions have the possibility of
interaction with ether oxygen of PEO. Consequently, it has been shown to play an essential
role in substantially enhancing the cation transfer value.

(b)

Raman intensity (a.u.)
o

(a)

. . :
1080 1060 1040 1020 1000
Raman shift /(cm")

Figure 8. Raman spectra of (a) PEO pure film, (b) PEO25-Mg(Tf), complex, and PEO25-Mg(Tf); + x wt %
EMITf system for (c) x = 5, (d) x = 10, (e) x = 20, and (f) x = 30 for spectral region of 1000-1080 cm .
Reproduced with permission from Electrochim. Acta, 56, Kumar et al. Ionic liquid mediated magnesium
ion conduction in poly(ethylene oxide) based polymer electrolyte, 3864-3873, 2011 [103].
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Polymer fillers

The approach of adding nanocomposites to PEO began with the report presented by
Sundar et al. [106], who created an SPE of PEO with MgCl, as electrolytic salt and boron
oxide (B,O3) as the filler. DSC and FT-IR characterized this cell. The best ionic conductivity
was achieved with 2 wt % B,0O3. The cell was assembled by adopting Mg as anode and
MnO, as cathode, sandwiching the SPE between the electrodes. It got an open circuit
voltage (OCV) of 1.9 V. The low ionic conductivity obtained made this cell unsuitable for
practical applications. It indicated that this type of matrix could be considered for its cell
performance, using fillers in the nanoscale.

In the work presented by Shao et al. [108] comprised a novel electrolyte based on PEO,
magnesium borohydride (Mg(BHy);), and MgO nanoparticles. A key feature presented
by this work was a high coulombic efficiency of 98% for Mg plating/stripping and high
cycling stability. The experiments and modeling performed established a correlation
between improved solvation of the salt and solvent chain length, chelation, and oxygen
denticity. A further development in experimentation with this polymer revealed that it
could be used in NCPE for other multivalent chemistry to delineate the ionic association
and solvation interactions within these electrolytes.

Another approach for a casting technique by dry/solution free hot press is presented
in the following studies as an alternate way of synthesis since no organic solvent as the
medium for mixing ingredients is needed, which is the most significant difference from
solvent casting [102]. The main steps for solvent-casting and hot-pressing are shown in
Figure 9a,b. Thermocompression avoids contact with air during the process, which results
in more stable productions. On the other hand, the solvent-casting method can disperse the
ceramic fillers more uniformly, resulting in more ductile films. Besides, the residual liquid
in this procedure can act as a plasticizer for the further performance of the SPE. These
features need to be taken into consideration depending on the application the electrolytes
will have.

Stirring Sonicating Casting
@ Electrolyte
membrane
> L2 »&9

Ultrasonic

Apparatus _TV
Teflon overlay

Ball milling Packing Hot pressing

Electrolyte
membrane
Aluminue foil

Figure 9. Schematic procedures for preparing solid polymer electrolytes by (a) solvent casting technique and (b) thermo-
compression. Reproduced with permission from Nano Converg., 8, Feng et al. PEO based polymer-ceramic hybrid solid
electrolytes: a review, 2, 2021 [102].

Thermocompression was implemented in the work done by Agrawal et al. [104]. The
assembled electrolyte, composed of phases, has an SPE film of PEO and Mg(ClOy); salt, the
first phase host matrix with a conductivity of ~2.77 x 107¢ S-cm~!. The second phase had
MgO nano/micro-sized particles as active fillers and TiO,/SiO; nano-sized particles as
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passive fillers. The dispersion increased the room temperature conductivity of the SPE host
by ~3-5-fold. The values of cation transport, however, remained in the range 0.21-0.30.

Casting by hot-press technique was performed as the synthesis process in the research
developed by Agrawal et al. [101], with a primary phase host composed of PEO and
magnesium triflate and micro/nano-sized materials TiO, (passive filler) and MgO (active
filler). The employment of all of these substances together achieved an enhancement in the
room temperature conductivity of the SPE host. Characterization was performed with XRD,
FT-IR, DSC analysis. The total ionic transference number data (~0.98-0.99) showed the
predominantly ionic character of the materials employed. Analyzing the concentration vs.
log of conductivity (Figure 10) obtained two maximum peaks that suggested the presence
of two conductivity mechanisms in the system, previously discussed in this report with
reference [81]. The first peak could be related to dissociating undissociated salt and ion
aggregates (if existed) into free ions. The second s-peak was then attributed to forming
a high conducting interfacial space-charge double layer around insulating filler nano-
particles that could correspond to a filler particle percolation threshold. It is also concluded
that nanofillers were more effective in increasing the cation transport number than micro
fillers, increasing the cation transport number t..
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Figure 10. Active filler concentration-dependent conductivity variation for NCPE films:
[80PEO: 20Mg(Tf),] + xMgO micro/nano. Reproduced with permission from Mater. Chem. Phys.,
139, Agrawal et al., Investigations on ion transport properties of hot-press cast magnesium ion
conducting Nano-Composite Polymer Electrolyte (NCPE) films: Effect of filler particle dispersal on
room temperature conductivity, 410415, 2013 [101].

One of the latest reports on electrolytes based on PEO for Mg batteries was reported by
Zaky et al. [105], with the incorporation of Mg salts treated with gamma irradiation to im-
prove the PEO-Mg salt particle sizes. The electrical conductivity evaluated was more than
three orders of magnitude than pure PEO, with a maximum value of 3.63 x 1073 S.cm ™,
The optimum ionic conductivity of MgO in the irradiated sample was obtained with 20 mL,
while 30 mL was the best for un-irradiated. The addition of MgO also improved the
electrochemical potential window to about —3.2 to 4.4 V.

3.2. Zinc-Ion Conduction

In terms of zinc batteries, some works have been developed with the use of PEO. They
are summarized in Table 4. For this metal, the first attempts were also designed without
the addition of nanofillers. Therefore, an SPE with the addition of zinc chloride (ZnCl,)
was developed by Carrilho et al. [109] in a cell composed of zinc and niobium pentoxide
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(NbyOs) as electrodes. Their studies were performed at a temperature of 55 °C, obtaining a
conductivity of 2.7 x 107* S-cm ™! and a cationic transference number value of 0.44 =& 0.05.

Table 4. A summary of NCPEs composed of PEO for zinc batteries in solid-state.

Nanocomposite Ionic Salt (gf’cl::ilf )t 1;101t_); Actlvat(lg‘x;)Energy Stailﬁ;:;ovcvl;:lg:;l(v) Reference
No added ZnCl, 2.7* . 2.60 [109]
- Zn(Tf), 2.1 0.44 3.6 [110]
28 Zn(Tf), ~0.101 0.19 - [111]

TiO, ZnCl, ~100 0.087 - [112,113]
SiO, NH,HSO, 0.61 - - [114]
7ZnO Zn(Tf) 0.184 0.23 - [115]
Zn Fe,Oy NH4SCN ~1073 - - [116]

* Results obtained at 55 °C.

The cell testing showed a decrease in the cell voltage without attaining any constant
value. This result suggested the discharge product was the result of a topochemical
insertion. The capacity retention of the cell was observed to be very poor. After the second
cycle, the cell was not able to retain its charge. Galvanostatic/potentiostat cycles were
performed at a lower time (in discharges) and fixed potentials (in charges) to improve the
latter result. After this, shallower discharges were obtained, resulting in a longer cycle life,
with a less marked decrease in cell capacity at a constant voltage. Lifetime evaluation for
the studied cell was 4.9 years if maintained at 55 °C, under non-operating conditions.

Agrawal et al. [114] designed two cells that employed PEO and NH4HSO, and SiO,
for the electrolyte that performed in two types of cells: MnO; + C and PbO, + V505 + C as
cathodes, respectively. The researchers achieved an enhancement in the room temperature
conductivity of polymer electrolyte approximately by an order of magnitude. Furthermore,
it obtained a substantial increase in the mechanical strength of the films. The OCV was
found to be in the range of 1.5-1.8 V for both batteries. The cell potential was stable
through the discharges, but it discharged more quickly during higher current drain or low
load resistance.

Gamma (y) irradiation was presented as a novel technique to inhibit the crystalline
phase in an electrolyte composed of PEO and ZnCl, as salt, with the addition of nanosized
TiO, grains, by Turkovié et al. [112,113]. The polymer was subjected to y-radiation from
a Co-60 source. This approach was attempted since high-energy radiation could induce
interchain linking of the polymer, inhibiting the crystalline phase in the polymer matrix.
Small-angle X-ray scattering (SAXS) was recorded simultaneously with DSC, and wide-
angle X-ray diffraction (WAXD) analyses were performed. Thanks to these techniques,
it was obtained that the nanostructure of the y-irradiated electrolyte changed during the
crystalline-amorphous phase transition to a highly conductive superionic phase. Reduction
in the Tg was observed, and ionic conductivity was enhanced, two desired changes in
these processes. The conductivity of the nanocomposite prepared with irradiated pow-
der ensured an improvement of two orders of magnitude compared to its homologous
without irradiation.

An NCPE film was prepared using an SPE composed of PEO and zinc trifluoromethane-
sulfonate (Zn(Tf);) and then incorporating Al,O3 nano-filler particles by Karan et al. [111]
using a completely dry hot-press cast technique. The complexation of the salt and the
dispersal of filler in the host substantially increased the amorphous region, which sup-
ported the increase in ionic conductivity and cationic transport number. Nevertheless, the
obtained values need to be improved for possible applications in high-energy batteries.

As another approach for employing nanocrystalline Al;O3, PEO was blended with
polypropylene glycol (PPG) and Zn(Tf), as dopant salt by Nancy et al. [110]. This matrix
resulted in an enhanced ionic conductivity of one magnitude, compared to the previous
work where this nanofiller was employed with alone PEO. This feature caused segmental
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flexibility and an increase in the amorphous phase. The SEM, XRD, and DSC measurements
showed that conductivity was controlled by segmental motions of the polymer chain and
ion hopping mechanism at Lewis acid-base sites and at elevated temperatures exhibited
Arrhenius behavior which was satisfactorily explained by free volume theory.

Zinc ferrite nanoparticles were presented as a relatively new approach for NCPEs
by Agrawal et al. [116] This nanofiller has been widely used in technological applications
because of its high magnetic permeability in the radio frequency region and low core loss.
In their research, they posited the changing of the bonding behavior of the system when
compared to the original PEO. Herein, the decrease in crystallinity was confirmed by the
DSC study of the system. The presumed hopping mechanism between coordinated sites,
local structural relaxation, and segmental motion of the polymer was stated because of the
increase of ionic conductivity with temperature. The rise in ~3—4 order of magnitude of
ionic conductivity concerning the pure polymeric host confirmed its promising results for
electrolyte applications.

The hot-press technique was attempted with ZnO active fillers by Karan et al. [115],
who composed a two-layer electrolyte. The first layer obtained the highest conductivity
0f 1.09 x 107¢S-em ™. A 5 wt % of ZnO revealed an optimum conduction composition
with a conductivity of ~1.84 x 10° S-cm ™!, meaning that the filler’s dispersal causes an
enhancement of one order. The overall enhancement of four orders of magnitude from the
pure PEO was obtained. The battery in which the films were assembled performed well
under a low current drain state.

Ultimately, the outlook of incorporating branched aramid nanofibers (BANFs) to PEO
was investigated by Wang et al. [117]. This combination enhanced the effective suppression
of dendrites and fast cation transport due to the high stiffness of the BANF network
combined with the high ionic conductivity of soft PEO, resulting in high tensile strength.
The resulting battery showed the ability to withstand elastic deformation during bending
and plastic deformation and remain functional (Figure 11). There have been different types
of batteries that have shown to be capable of elastic deformations [118-120]; the ability to
withstand plastic deformations while retaining the charge storage functions was a novel
feature presented in this work. These features set it apart from other promising storage
devices, improving the safety of the battery and its resistance to impact.

A Separator ~ Mold
Anode /

Figure 11. (A) Schematic of the mold used for plastic deformation studies. (B—F) Different plastically deformed shapes
of Zn battery with solid-state biomimetic electrolyte. (G) The open-circuit voltage of Zn/PZB-931/y-MnO; battery with
square wave shape plastic deformation. (H) LED light powered by the two serial structural batteries. Reproduced with
permission from ACS Nano, 13, Wang et al., Biomimetic Solid-State Zn%+ Electrolyte for Corrugated Structural Batteries,
1107-1115, 2019 [117].
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The review in this section of the paper has shown that active fillers are supposed to
be the first choice when choosing ceramic additives for PEO electrolytes. Moreover, the
most optimized concentrations for these nanofillers are between 10-20 wt % to obtain
the highest conductivity of each medium. Besides, the mechanical strength is shown
to get better with the doping of ceramic particles. Moreover, the interfacial stability is
assumed to be improved due to the water-scavenging effect of the nanofillers, previously
reported in similar systems designed with PEO [121] in lithium batteries. Hence, the
overviewed hybrid systems are in sight of being the most effective approach for improving
the performance of solid-state electrolytes.

4. Nanocomposite Polymer Electrolytes Based on Other Synthetic Polymers

As discussed, the development of electrochemical devices that make use of polymer
electrolytes has gotten considerable interest. It is currently developing PEs with suffi-
ciently high room temperature conductivity. The choice of the polymer is then known to
depend principally on the presence of polar groups with sufficient electron donor power
to form coordination with cations and a low hindrance to bond rotation [122], besides
biodegradability and recyclability. Some synthetic polymers have been successfully used
as a host material to prepare PEs for specific applications (Table 5). Few studies in the field
have developed electrolytes with these polymers. However, the results presented left a
precedent that deserves to be discussed for later studies that imply their use (Table 6).

Table 5. Chemical structures of some synthetic polymers employed in nanocomposite polymer
electrolytes NCPEs.

Glass Transition

Name Sfructure Temperature (Tg) (°C) [123]
l»|i CH,
Poly(methyl methacrylate) (PMMA) T_° 105
H  COOCH;
n
H CHy
!
Poly(ethyl methacrylate) (PEMA) T—° 65
H  COOCH,CHy
n
1T
Poly(vinyl chloride) (PVC) ‘_T_T—_ 83
H H
L n
= T T -
Poly(vinyl alcohol) (PVA) __T_Cl—_ 80
H OH
- “n
Poly(e-caprolactone) (PCL) o—(-(n;)—!:l —66
n
H H
H-
. . n
Poly(vinylpyrrolidone) (PVP) l l & 182

24



Polymers 2021, 13, 4284

18 of 38

Table 6. NCPEs for magnesium and zinc batteries using other synthetic polymers.

3 5 Conductivity Activation Electrochemical
Polymer Nanocomposite Tonic Salt (S-cm-1) 10-3 Energy (eV) Stability Window (V) State  Reference
Magnesium
PMMA + PVdF MgO Mg(Tf) 1.29 x 102 - - Solid [124]
PEMA MgO Mg(Tf), 0.12 0.46 34 Solid [125]
PVP AlLO3 MgCl, - 6H,0 1.22 x 102 - - Solid [126]
Zinc
PMMA /PVDEF-co-HFP SiO, NH;SCN 43 0.196 32 Gel [127]
Si0, Zn(TH), 6.71 - 5.07 Gel [128]
Al O3 + TiO, Zn(Tf), 4.27 - ~4 Gel [129]
PVC/PEMA 70, Zn(Tf)> 3.63 . 3.87 Gel [130]
SnO, Zn(Tf), 492 - 4.37 Gel [131]
PCL ODAMMT Zn(Tf), 0.95 0.46 45 Gel [132]
ALO; Zn(Tf)> 0.25 . - Gel [133]
PVA SiO, - 5.73 x 102 - - Gel [134]
ZnO NH4NO3 471 0.92 - Solid [135]

Poly(methyl methacrylate) (PMMA) has been the focus of a few studies due to its
beneficial effects on the stabilization of the electrode-electrolyte interface [136]. PMMA is
non-biodegradable, and 100% recyclable [137]. Nevertheless, its recycling process is not en-
vironmentally viable due to the produced harmful products, limiting its use [138]. PMMA
based GPEs happen to present very high transparency in the visible region. Furthermore,
they present the ability to be diluted in various organic solvents [139]. However, they show
poor dimensional stability. Although they appear solid-like, they exhibit flow properties.
Poor mechanical properties offset a good conductivity achieved of such plasticized film
at a high concentration of the plasticizer [140]. To overcome the drawbacks presented by
PMMA film, it has been blended with other polymers to improve the segmental motion in
polymer hybrid systems and hence a more flexible and elastic material.

Sarojini et al. [124] developed a blended polymer matrix of PMMA and PVdF for
magnesium cells. It also included ethylene carbonate as a plasticizer, Mg(Tf), as ionic
salt and MgO as nanofiller. The best ionic conductivity increased the value by five orders
of magnitude (~107® S-cm™!). This result was obtained thanks to the addition of the
nanofiller, causing high conduction pathways. Nevertheless, the result was deficient to be
considered for any application.

A blended polymer matrix composed of PMMA and PVdF-co-HFP was developed by
Mishra et al. [127] for the design of an NCPE system for Zn cells. XRD and SEM studies
confirmed the desirable amorphous and porous structure for the electrolyte. The best ionic
conductivity, 4.3 x 1073 S-em 1, was obtained with 2 wt % of Si0;. The conductivity
variation for these films obeyed the behavior of having two maxima, previously reported
in other works [81,101]. A proton battery was assembled with the electrolyte, employing
Zn/ZnSO4-7H,0 as anode and PbO,/V,05 as the cathode. The OCV for the battery was
found at 1.55V. Besides, it showed rechargeability up to three cycles, and afterward, its
discharge capacity faded away substantially.

Poly(ethyl methacrylate) (PEMA) is a very similar material to PMMA but with a
lower Tg and has been shown to possess higher mechanical strength than PMMA [141].
Besides, PEMA shows excellent chemical and high surface resistance. In addition, it
offers high optical transparency [142], a property that could be desired for devices where
the electrolyte is located in a visible region of the device. PEMA was employed for an
NCPE in work [125], along with magnesium triflate and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide (EMITESI), dispersed with MgO for Mg cell electrolytes.
SEM analysis confirmed the obtention of the amorphous nature of the films. In addition,
TGA curves revealed that the more significant amount of MgO in NCPE slowed down the
mass loss rate of decomposition products. However, the electrochemical potential window
for the highest conducting sample assumed that magnesium ion was not predominantly
the factor to the ionic conductivity enhancement of NCPE.
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Ablended polymer matrix was developed with PEMA and poly(vinyl chloride) (PVC),
plasticized with zinc triflate, and EMIMTFSI ionic liquid was added for a novel NCPE by
Candhadai et al. [128]. After that, it was doped with fumed SiO; as a nanofiller. This film
exhibited the highest ionic conductivity value of 6.71 x 107# S-cm~! for a 3 et al SiO,. The
increment of the amorphous phase was confirmed by XRD analysis. It resulted in slight
progress in the zinc ion transport number and a wide ESW of ~5.07 V. This value ensured
feasible zinc stripping/plating in the redox process involved. TG and DSC ascertained the
improved thermal stability up to 180 °C and the reduction in Tg. The exact blend, PVC and
PEMA, was filled with nano-sized fillers Al,O3, TiO; in the report by Prasanna et al. [129]
for a zinc rechargeable battery. A high transport number value of 0.67 was obtained. From
the studies analyzing glass transition temperature, the addition of fillers attenuated the
values obtained, effect understood in terms of the obstruction of the polymer chains by the
formation of cross-linking centers due to the interaction between the Lewis acid groups of
the ceramic particles and the polar groups of the polymer chains.

Based on the previous work, Prasanna et al. [130] continued the research by changing
the nanofiller employed, being zirconia (ZrO;,) the object of the study. The zinc ion
transference number of 0.66 was almost the same obtained before with Al,O3 and TiO;.
DSC and TG analysis confirmed the improved thermal behavior of ZrO, added GPE
compared to that of filler-free gel electrolytes. The interaction and complexation of the
polymer components were probed by ATR-FT-IR analysis (Figure 12). The amplified
coordination of Zn?* cations and ceramic phase with C=0 group was evidenced by the
existence of a peak at 1721 em~! ascribed to the C=0O group of PEMA in Figure 12b-e, upon
the addition of 1 wt % nanofiller. The oxygen atoms of C=0 group in PEMA generally acts
as an electron donor resulting in the formation of a coordinate bond with zinc ions, and the
addition of fillers enhances the intensity of this band, through hydrogen bonding between
carbonyl oxygen (C=0) and the hydroxyl surface group (Zr-OH) of ZrO, thus forming
-Zr-O ... H... O=C- species. Ultimately, it was observed better thermal stability up to
180 °C, and ESW to 3.87 V.
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Figure 12. Room temperature ATR-FT-IR spectra of (a) pure ZrO; (b—e) NCPEs with varying
concentrations of ZrO, in the wavenumber ranging from 4000 to 400 cm~! at room temperature.
Reproduced with permission from Polym. Compos., 40, Sai Prassana et al., PVC/PEMA-based
blended nanocomposite gel polymer electrolytes plasticized with room temperature ionic liquid and
dispersed with nano-ZrO; for zinc ion batteries, 3402-3411, 2019 [130].

These authors, in another work, incorporated the use of nano-sized tin oxide (SnO») [131].
XRD and SEM studies were performed, confirming the existence of porous morphologies.
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Furthermore, the dispersion of SnO, improved the thermal behavior of the composite system
to 185 °C, which was ascertained by TG analysis. The ESW was found to be 4.37 V. Together
with a feasible zinc plating/stripping process of the gel composite sample, these features
implied good potential applicability of such films as electrolytes.

Poly(vinylpyrrolidone) (PVP) is a biocompatible polymer. It is a virtually non-
biodegradable polymeric lactam with an internal amide bond. The tertiary amide carbony]l
groups of PVP present a Lewis base character such that PVP can form a variety of com-
plexes with a wide range of inorganic salts [143]. It is also hygroscopic and easily soluble
in water and organic solvents such as alcohol. It presents a high Tg of 170 °C, because of
the rigid pyrrolidone group. However, water can be employed as a plasticizer lowering
this value to below 40 °C [144]. Besides, it is inert, shows good environmental stability,
easy processing, excellent transparency, and a strong tendency for complex formation
with smaller molecules [145]. This polymer is studied because of its thermal stability and
cross-linked composites having high mechanical strength. It also has good mechanical and
electrical characteristics.

Basha et al. [126] developed an SPE composed of PVP and MgClyx6H,O, with the
addition of Al,O3 particles. Structural analysis showed orthorhombic lattice as evidence
of a semi-crystalline nature present in the films. Optical analysis was used to identify the
optical band gap of the material in the transmitting radiation. Graphs were plotted between
absorption coefficient «, (achv)? and (ahv)!/2 as a function of hv (Figure 13a—) to calculate
bandgap energy values. The optical properties revealed that for the composition of 15%,
the bandgap energy was the lowest among all weight ratios. Hence, it was obtained that the
films with the lowest activation energy had the highest conductivity. UV-Vis spectroscopy
was performed in the 300-700 nm (Figure 13d). This tool showed to be helpful for the
identification of intra molecular vibrations of inorganic complexes in solution. Two spectral
peaks are observed at 350 nm, which is due to the 7—m* transition. Besides, a small peak
was at 425 nm, correlated with the benzene and quinone rings in the polymer chain.
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Figure 13. (a) hv vs « plots, (b) hv vs (ahv)? (x107) plots and (c) hv vs (ahv)1/2 plots and (d) UV-Vis
spectra of polymer electrolyte films for different wt % ratios of pure PVP and polymer electrolytes:
(1) pure PVP, (2) (95:5), (3) (90:10), (4) (85:15), (5) (80:20), Reproduced with permission from Polym.
Sci.—Ser. A., 59, Shahenoor Basha et al., Optical and dielectric properties of PVP based composite
polymer electrolyte films. 554-565, 2017 [126].
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Poly(vinyl alcohol) is a semi-crystalline synthetic biodegradable polymer from petroleum
sources that presents various hydrophilic functional hydroxyl groups, which can favor water
absorption. As a result, it shows a very high dielectric strength (>1000 kV mm™!), good
charge storage capacity, good mechanical properties, high tensile strength, abrasion resistance,
and dopant-dependent electrical and optical properties [146]. In addition, PVA has several
advantages, such as high hydrophilicity, high gel strength, nontoxicity, and low cost [147].
Fan et al. [134] designed a zinc-air battery (ZAB) assembled with a semi-solid /solid-state
electrolyte constructed with PVA and the optimum addition of SiO,. The ZAB presented
excellent cycling stability over 48 h, stable discharge performance, and relatively high-power
output. Flexibility was an outstanding feature obtained with no degradation through bending
conditions. In the results, this cell was able to power a handheld electric fan, a light-emitting
diode screen, or even a mobile phone (Figure 14), showing its promising potential for high-
performance ZABs along with high safety, cost-effectiveness, excellent flexibility, electrolyte
retention capability, as well as good thermal and mechanical properties.

Voltage (V)

15
Time (h)

Figure 14. (a) Open circuit potential demonstration with two ZABs in series. A demonstration of (b) a mobile phone,
(c) a handheld electric fan, and (d) an LED screen powered by two ZAB sets. (e) Photographs of an LED watch powered
by a fabricated bracelet-type ZAB. (f) GCD curves of the ZAB under different bending conditions with corresponding

photographs. Reproduced with permission from Nano Energy, 56, Fan et al., Porous nanocomposite gel polymer electrolyte
with high ionic conductivity and superior electrolyte retention capability for long-cycle-life flexible zinc-air batteries,

454462, 2019 [134].

The PVA electrolytes filled with nano ZnO transport parameters were conducted by
Abdullah et al. [135] using the Rice-Roth model for proton-conducting batteries, explaining
that the moderate addition of nanofiller enhances ionic conductivity by increasing mobility
and number density of mobile proton ions. Another ZAB was designed to implement
MWCNTs into the electrodes by Wang et al. [148], to improve the performance of the cell. It
was found that MWCNTs were effective conductive additives in the anode as they bridged the
zinc particles. The electrolyte was composed of poly(acrylic acid) (PAA) and PVA. A limitation
for this NCPE was water evaporation because of the volatility character of the films.

Poly(e-caprolactone) (PCL) is a biodegradable polymer that is nontoxic and widely
used in biomedical applications because of its considerable degradation time in an aqueous
medium and contact with microorganisms [149]. It is a synthetic thermoplastic polymer
derived from crude oil and synthesized through the polymerization of e-caprolactone
monomer by a stannous octanoate catalyzed ring-opening mechanism [150]. It presents
good mechanical properties [151]. Furthermore, it is a candidate polymer host for ionic
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conduction because it contains a Lewis base (ester oxygen) that can coordinate cations due
to carbonyl functional groups in its backbone structure.

PCL was doped with zinc triflate and octadecylamine modified montmorillonite
(ODAMMT) nano clay by Sownthari et al. [132]. The maximum electrical conductivity
was 9.5 x 107° S.cm ™! for 15 wt % loadings of nano clay into the polymer-salt complex.
XRD and DSC analysis confirmed the decrease in crystallinity. The electrolyte degradation
happened in 90 days, making this electrolyte a promising candidate for battery applications.

An optimized NCPE composed of PCL, zinc triflate and the incorporation of Al,O3
was prepared by Sownthari et al. [133]. The complexation of polymer, salt, and filler
was confirmed from FT-IR studies. The various relaxation processes associated with the
conductivity mechanism were also analyzed during the investigation. From this, it was
revealed that the chain length of polymer PCL was so long that the bond rotation was
favorable only at low frequency, so the filler increased the amorphicity within the polymer
network, and thus the rotation becomes feasible, making a shift toward higher frequency
side which meant a shorter relaxation time. The increase of conductivity was mainly due
to an apparent rise in the number density of charge carriers which was confirmed from
FT-IR and dielectric studies. The increasing trend of dielectric constant matched well with
the conductivity variation as a function of filler concentration.

5. Nanocomposite Polymer Electrolytes Based on Biopolymers

Most synthetic polymers are detrimental to the environment because of their non-
biodegradability [152]. Consequently, the application of biodegradable polymers in energy
storage devices is currently paramount in designing the next generation of batteries to reduce
environmental impact. For a biobased polymer to be considered ecological, its origin and
production technique are also of importance. Cellulose, starch, chitosan, agar, and carrageenan
are some of the most common polymers used as hosts for batteries [51] (Table 7).

Table 7. Chemical structures of some biopolymers employed in nanocomposite polymer electrolytes
NCPEs.
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Among the wide range of applications available for batteries, there is a need to design
biocompatible batteries for implants that need a power source to perform their functions in
the biomedical field. They go from sensing or stimulation to influencing critical biological
processes like wound healing, tissue regeneration, or brain activity. Unfortunately, little
work has been done so far to develop bioresorbable electronics or self-deployable power
sources [153-155]. However, the present review pretends to show the promising results
obtained so far with electrolytes that, with some modifications, could be employed in the
biomedical field. Table 8 summarizes the features presented by these NCPEs.

Table 8. Polymer electrolytes based on biopolymers for electrochemical applications.

- T Electrochemical
Polymer Nanocomposite Tonic Salt (gocr::lulc)t 11v (;t}; é?lcet:g;t(l:{}) Stability State Reference
Window (V)
Cellulose (NFC) No added - 0.1 s - - Hydrogel [156]
Si0, NH,BF, 7.9 x 1073 . - Gel [157]
Celluloseatetate TiO, NH,BF, 14 %102 0.12 N Gel [158]
TiO, LiClOy4 3.06 x 10 - - Solid [159,160]
Hexanoyl Chitosan TO, LiClO, 31x107% 0.08 - Solid [161]
SiO, LiClOy4 1.96 x 10 4 0.12 = Solid [161]
ALO; NH,;SCN 5.86 x 10~ = = Solid [162]
g SiO, Li(T! 4.38 x 107° 0.26 - Solid 163
Chittosan 70, Li(CIgi 3.6x10 4 = - Solid {1()4}
Potato Starch No added Mg(C2H30;)2 1.12 x 1073 = - Solid [165]
Rice Starch TiO, Lil 3.6 x 104 0.22 - Solid [166]
Corn Starch SiOy LiClO4 123 x 104 0.25 3.0 Solid [167,168]
Corn Starch/Chitosan No added NH,;Cl 5.11 x 10~* - - Solid [169]
Sago (starch) No added KOH 445 x 1071 - - Gel [170]
k-carrageenan No added - 332 x 102 s - Solid [171]
No added MgCl, 476 x 1073 - 1.94 Solid [172]
No added NH4SCN 1.03 x 1073 0.25 - Solid [173]
Agar No added Mg(Tf), 1.0 x 1073 - - Solid [174]
TiO, Lil 512 x 10~* = - Solid [175]

5.1. Cellulose

Cellulose is a biopolymer known to be the most abundant polymer in nature. It presents
a molecular weight ranging from 300,000 to 500,000 Da. Its molecule offers three hydroxyls
groups that can be modified to make the molecule water-soluble [176]. Many cellulose
derivatives can be obtained from this modification, classified between cellulose ethers
and cellulose esters. Cellulose has been applied in batteries for electrodes or separators
as GPEs [176] and as binders/surface modifiers for graphite anodes for batteries. More-
over, synthetic polymers often need high-temperature processing stages to prepare GPEs,
while with nanofiber cellulose (NFC) hydrogels, they can be cured at temperatures close to
ambient temperature [177].

Cellulose was never intensively used as a polymer electrolyte in advanced batteries
until Johari et al. [157] reported an NCPE based on cellulose acetate dispersed with SiO; for
a battery with the configuration Zn/composite cellulose electrolytes/MnO,. The results
showed the expected increase in ionic conductivity and an OCV of 1.6V. The constancy of
the assembled cell was tested for 24 hours. However, no further electrochemical studies
were performed. In a posterior work [158], the same authors reported an NCPE based
on cellulose acetate dispersed with nanosized TiO, particles for a battery with the same
composition as the previous one. The OCV characteristic of the cell at room temperature
showed that the initial voltage of the cell is 1.55 V, dropping to 1.40 V within the first two
hours of assembly. The cell voltage was observed to have stabilized at this voltage, and the
OCYV remained constant at 1.40 V for a period of 24 h. The fabricated cell was reasonably
stable in the open cell condition.

An NFC hydrogel was synthesized by Poosapati et al. [156] by adding gelatine, poly-
acrylic acid (PAA), and potassium hydroxide (KOH) as additives. The hydrogel with the
most appropriate amounts of additives got an ionic conductivity of 0.1 S-cm™!, representing
an increase of five orders of magnitude from the pristine hydrogel. This report concluded
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that the small amounts of additive present helped enhance the mechanical stability and
ionic conductivity by changing the degree of crystallinity and ionic concentration in the
hydrogel layers.

Another approach for cellulose applications has been made by employing it as a
soaked separator electrolyte. Zhang et al. [178] studied a functionalized with quaternary
ammonium (QA) laminate-structured nanocellulose/GO membrane, developed for a
hydroxide-conducting electrolyte for zinc-air batteries. Herein, cellulose was utilized to
interconnect the framework to integrate GO into a flexible membrane with higher water
content. Achieving a laminated cross-linked structure eliminated the risk of pushing water
out of the membrane when handling or bending, besides good adhesion to the electrodes.
The membrane’s enlarged d-spacing enhanced the mobility of hydroxide ions by vehicle
mechanism, besides its lower activation energy. Water molecules also could have caused
mobility by the Grotthus mechanism. At 70 °C, the ionic conductivity of 0.0588 S-cm™!
and an OCV of 1.4 V was achieved.

5.2. Chitosan

Chitosan is environmentally friendly and an excellent membrane-forming polymer
material. It is known for being non-toxic, biodegradable, and biocompatible, making it
a good solution for many electrochemical applications that can be modified to get elec-
trolytes. Chitosan is produced from the deacetylation reaction of chitin. Chitin is a natural
polysaccharide generally found in the exoskeleton of arthropods and various fungi [179].
Chitosan is widely applied in lots of fields, as in biotechnology, biomedicine [180]. Its
molecule presents several polar groups, such as hydroxyl and amino groups, forming com-
plexes with inorganic salts. However, pristine chitosan shows a very low ionic conductivity
(1079 S-em™1) [181], the fact that it is tried to be enhanced by the addition of salts and
fillers. Very little work has been done for chitosan NCPE applied in zinc or magnesium
batteries. However, some authors have endeavored to implement nanofillers for lithium
electrolyte applications [160,182-188], so the most noteworthy ones are now discussed.

Hexanoyl chitosan was employed as a polymer matrix with TiO, as filler and lithium
perchlorate (LiClO4) as doping salt to design NCPEs by Muhammad et al. [159]. The
electrolyte system was characterized by impedance spectroscopy. It was shown that the
increment in conductivity was caused by the increase in the mobility of free ions and the
increase in the free ion concentration. The XRD results obtained for this electrolyte in a
posterior work of the authors [189] confirmed the decrease in crystallinity, leading to the
expected increase in conductivity that was modeled by the Rice and Roth model.

A system of the same composition based on hexanoyl chitosan + LiClO4 + TiO, was
reported by Winie et al. [190], who reported the complexation of the polymer and the salt
as a result of the shift of N(COR;), O=C-NHR, and OCOR bands of hexanoyl chitosan to
lower wavenumbers, and supported the use of chitosan as a polymer host in terms of the
presence of lone pair electrons at the nitrogen and oxygen atoms where inorganic salts can
be solvated. Results showed that both dielectric constant and dielectric loss decreased with
increased frequency and increased with increased temperature.

Aziz etal. [162] reported novel chitosan-ammonium thiocyanate (NH4SCN) complexes
doped with nanosized Al,Os; filler. FT-IR and XRD confirmed the complexation between the
cation of the salt and the donor atom in chitosan polymer. The high filler content increased
the Ty value since it increased the crystallinity of the sample, as depicted by XRD. Alumina
was employed in chitosan and lithium triflate (Li(Tf);) [191], where the AC conductivity
studies showed the promising features already told for this kind of biopolymer system.

In a work by Navaratnam et al. [163] chitosan was used as the host polymer in a
designed system consisting on LiCF3503 as the dopant salt, EC and PC as the plasticizers,
and different concentrations of SiO; as the inorganic filler. The obtained ionic conduc-
tivity for this system was very low to consider for practical applications. However, in
a following article by Rosli et al. [161], it was presented a study comparing the type of
filler and their effect on the electrical properties in the polymer electrolyte, resulting in a
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higher conductivity enhancement brought about by TiO, compared to SiO; for the system
hexanoyl chitosan-LiClO4 polymer electrolyte. This finding can be understood by the more
acidic nature of TiO,, which promoted a greater degree of salt dissociation. Zirconia was
employed as a nanofiller for the previous electrolyte composition of LiClOy as salt and
chitosan by Sudaryanto et al. [164], and the films were characterized by XRD and EIS. The
obtained results were quite comparable to the previously discussed work since the ionic
conductivity was slightly higher. Besides, the obtained ion transference number of 0.55
was considered quite enough to apply it in an ion battery.

For magnesium batteries, a GPE based on chitosan, magnesium triflate, and EMITf
was developed by Wang et al. [192]. The results showed that the Mg-ion mechanism was
the complexation and decomplexation of Mg?* with amine band (NH») from chitosan.
The relaxation time of the electrolyte membrane was as low as 1.25 x 106 s, indicating
that the mobility of ions was relatively high. The electrochemical properties of this GPE,
presented in Table 7, were considered a precedent for future practical applications, and
some latest reports were reported until the present date for chitosan polymer electrolytes
for EDLC devices [193-195]. Still, they are out of the scope of this review. To the best of our
knowledge, no studies are reporting NCPEs made of chitosan for magnesium batteries.

5.3. Starch

Starch is one of the most popular renewables and biodegradable polymers found as
granules in plants. It is composed of a mixture of linear amylose ((1,4) linked anhydroglu-
cose) and branched amylopectin (x(1,6) linked anhydroglucose) polysaccharide chains. At
the same time, it can undergo derivatization reactions. It is introduced some functional
groups into the starch molecule, resulting in the alteration of its gelatinization, pasting,
and retrogradation behavior [196]. Starch is known to be abundant in nature due to its
wide variety of sources, consisting of several kinds of food plants from which it comes.
Hence, besides its application in the food industry, it is applied industrially as binders
and adhesives, absorbents and encapsulants, as coatings and sizes on paper, textiles, and
carpets [197]. In addition, efforts have been made to use starch to create thermoplastic
materials [198,199].

In terms of application for magnesium batteries, potato starch was doped with magne-
sium acetate (Mg(C2H305),) [165], and the effect of glycerol and 1-butyl-3-methylimidazolium
chloride (BmImCl) was studied in terms of conductivity and dielectric properties. It was
concluded that too much plasticizer causes the salt to recrystallize, causing the cations to
hardly coordinate at the polar atoms, decreasing the ionic conductivity. The effect of salt
concentration in the biopolymer electrolyte matrix is demonstrated through dissociated ions
model (Figure 15). Rice starch was employed for an NCPE composed of lithium iodide (LiI),
1-methyl-3-propylimidazolium iodide (MPII) as an ionic liquid, and TiO, nanopowder by
Khanmirzaei et al. [166]. The resulting electrolyte was employed to build a DSSC, showing an
efficiency of 0.17 at 1000 W-m~2 light intensity.

From the variety of sources available for starch, a biodegradable corn starch-lithium
perchlorate (LiClO4)-based SPE with the addition of nano-sized fumed silica [167] was
prepared by solution casting technique. FT-IR results confirmed some complexation between
corn starch, LiClO4, and silica. Excessive SiO; content decreased the ionic conductivity
through agglomeration of particles and cross-linking in the polymer, showed by DSC, TGA,
and SEM studies. The same investigation group reported the NCPE applied in electric
double-layer capacitors (EDLCs) [168]. The device was characterized by CV, galvanostatic
charge-discharge, and AC impedance spectroscopy. The discharge characteristics were almost
linear, which confirmed the capacitive behavior of the EDLC cell. The fabricated EDLC cells
performed good cyclability up to 500 cycles with more than 90% coulombic efficiency.

A solid electrolyte designed by blending chitosan with corn starch for application in
an electrochemical double-layer capacitor (EDLC) and proton batteries was reported [169].
From transference number measurements (TNM), the electrolytes’ transference number of
ion (tjon) showed that ion is the dominant conducting species. The transference number
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of cation (t) for the highest conducting electrolyte was found to be 0.56. Linear sweep
voltammetry (LSV) result confirmed the suitability of the highest conducting electrolyte
to be used to fabricate EDLC and proton batteries. The open-circuit potential (OCP) of
the primary proton batteries for 48 h was lasted at (1.54 = 0.02) V, while that of secondary
proton batteries lasted at (1.58 £ 0.01) V.
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Figure 15. Schematic diagram showing ion dissociation in biopolymer salt matrix. Reproduced with

permission from Renew. Sustain. Energy Rev., 65, Singh et al., Perspectives for solid biopolymer
electrolytes in dye sensitized solar cell and battery application, 1098-1117, 2016 [50].

Masri et al. [170] used sago powder (starch from various tropical palms) to design a
sago-KOH GPE. Then, it was employed in an experimental Zn-air battery using a porous
Zn electrode as the anode. The battery showed outstanding discharge capacity and practical
capacity obtained of 505 mAh-g~!. In parallel, Zahid et al. [200] designed a GPE for zinc-air
batteries based on cassava (Manihot esculenta), one of the most essential starch sources in trop-
ical and subtropical areas. The highest ionic conductivity obtained was 4.34 x 1073 S-cm 1.

5.4. Carrageenan

Carrageenan is a linear sulfated polysaccharide polymer extracted from a marine red
seaweed called Rhodophyceae and Kappaphycus alvarezii. It is consisted of repeating units
of (1,3)-D-glucopyranose and (1,4)-3,6-anhydro-o-D-glucopyranose [201]. Besides, based
on the number of sulfate groups, it is classified into three types: Kappa (k)-carrageenan
(one sulfate per disaccharide), iota (1)-carrageenan (two sulfates per disaccharide, and
lambda (A)-carrageenan (three sulfates per disaccharide). Carrageenan is hydrophilic
due to the presence of hydroxyl groups and the mentioned sulfate groups in it. In terms
of electrochemical properties, this polymer is known for being in rich hydroxyl groups
and oxygen atoms which are essential for interaction and coordination with cations [202].
Carrageenan has been used in various applications, including food, pharmaceutical, and
cosmetic industries as viscosity builders, gelling agents, and stabilizers [203], even proving
to have anti-tumor and anti-angiogenic activity [204], besides being applied in drug deliv-
ery systems and other biomedical applications [205]. In this field, Sabbagh et al. [206] have
investigated the nanocomposite positive effects on structural, functional, morphological,
and thermal properties of carrageenan hydrogels, obtaining promising results for drug-
delivery systems. Moreover, it is known that carrageenan could be used as a prominent
electrolyte in electrochemical devices with suitable modifications.

A rechargeable quasi-solid-state zinc ion battery using k-carrageenan bio-polymer elec-
trolyte was reported by Huang et al. [171]. The mechanical robustness of the electrolyte was
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reinforced by using a rice paper scaffold, which reduced the chances of short circuits as well.
The k-carrageenan electrolyte was found to be highly conductive. Furthermore, electrolyte
production did not need water and oxygen-free environment or other protection measures,
which is ideal for scaling up production. The zinc ion battery assembled with this biopolymer
electrolyte also showed excellent cycling stability; 80% of its initial capacity still remained
even the cyclic number extended to 450 cycles at 6.0 A-g~! (Figure 16a). The morphology
of cathode and anode materials remained after 450 cycles, almost unchanged compared to
the morphology of the pristine MnO, and Zn (Figure 16b,c). Experimental results showed
that the batteries maintained the discharge profile and AC impedance spectra after the test
(Figure 16d). Besides, after 300 bending cycles, 95% capacity was retained (Figure 16e). This
work brought new research opportunities in developing low-cost, flexible solid-state zinc ion
batteries using green natural polymer, besides being capable of powering a timer under bend-
ing condition (Figure 16f), and also powered a timer when the entire device was immersed in
water, demonstrating its good waterproofness (Figure 16g).
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Figure 16. (a) Cycling stability of the solid-state ZIBs with KCR electrolyte cycled at 6.0 A-g~! and
corresponding coulombic efficiency. SEM images of (b) the MnO,; cathode and (c) the electroplated Zn
anode after 450 charge /discharge cycles. (d) Discharge curves under normal and bending conditions.
(e) The bending test of solid-state ZIBs with KCR electrolyte for 300 cycles. (f) A solid-state ZIB
with KCR electrolyte powers a timer under 180 degrees of bending conditions. (g) A solid-state ZIB
with KCR electrolyte powers a timer when the battery is fully immersed in the water. Reproduced
with permission from RSC Adv., 9, Flexible quasi-solid-state zinc ion batteries enabled by highly
conductive carrageenan bio-polymer electrolyte, 16313-16319, 2019 [171].

For magnesium ion conduction, an SPE consisted of k-carrageenan with MgCl, salt was
designed by Sangeetha et al. [172], employing it in a primary magnesium battery. The resulting
OCV for the battery was 2.17 V. In another report, k-carrageenan containing tri-iodide/iodide
redox couple was modified for dye-sensitized solar cell applications with nanofillers such as
TiO,, iron (IIT) oxide Fe;O3, and halloysite by Chan et al. [207]. For this system, the addition
of various fillers to the PE system increased the dissociation of iodide ions and improved
the ionic conductivity of the cells. DSSC characterization revealed a low efficiency due to
relatively high charge transfer resistances at the TiO, /dye/electrolyte interface.

5.5. Agar

Agar is defined as a strong gelling hydrocolloid from marine algae. It is constituted by
repetitive units of D-galactose and 3,6-anhydro-L-galactose, with few variations and low
content of sulfate esters [208]. Agar is widely known because of its gelling power, based
exclusively on the hydrogen bonds formed among its linear galactan chains, providing ex-
cellent reversibility. Its unique properties make it suitable for many applications, especially
in preparing microbiological culture media [209]. It is widely used in the food industry, in
cosmetics, and in microbiology [210]. In terms of electrochemical properties, agar forms a
slightly viscous solution on dissolving in hot water and then turns into a thermo-reversible
gel when cooled down. Agar attracts attention because of its best film-forming capability,
used in synthesizing agar hydrogel used as an electrode binder in fuel cells [211].

A novel PE based on agar and doped with NH4SCN was prepared for zinc cells
by Selvalakshmi et al. [173]. The obtained results ensured that it is a good candidate
for a low-cost biopolymer electrolyte membrane for fuel cell applications and solid-state
devices. Similarly, Alves et al. [174] prepared a PE-based on agar doped with magnesium
triflate for magnesium ion conduction, but the obtained results were not suitable for
practical applications.

In terms of the implementation of nanofillers, some studies of agar applied in elec-
trolytes for dye-sensitized solar cells have been presented. A polysaccharide GPE composed
of agar in 1-methyl-2-pyrrolidinone (NMP) as a polymer matrix, Lil)/iodine (I,) as a redox
couple, and TiO, nanoparticles as fillers were reported by Yang et al. [212]. Results showed
that optimizing the electrolyte composition, such as agar and TiO, concentration, is neces-
sary to improve the energy conversion efficiency of the DSSCs. Likewise, similar results
were obtained for the same electrolyte system by Wang et al. [175], where the effects of Lil
concentration were analyzed.
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All the presented results so far show that NCPEs based on biopolymers solve the issues
presented by all the kinds of PEs (increasing the low ionic conductivities and improving
the mechanical properties). Furthermore, nanofillers have been shown to help prevent
the dissolution of the salts provoked by the polar groups presented in the polysaccharide
structure of most of the studied biopolymers, enhancing the ionic conductivity. Moreover,
in contrast to the synthetic polymers mentioned in the previous sections, the presence of a
wide variety of functional groups in biopolymers make them capable of showing various
kinds of bonds and intermolecular forces. This feature is of vast importance in terms of
enhancing the mechanical stability of the matrix. Nevertheless, to confirm the benefits of
these kinds of forces, more attention to mechanical testing is recommended to determine
the best application for these matrixes after paying attention to the alternates of material
processing available so far.

6. Conclusions

According to the literature available so far, the key aspects related to nanocomposite
polymer electrolytes for batteries composed of zinc or magnesium have been presented and
discussed along with the review to know their suitability for application in rechargeable cells.

The copolymer matrix composed of PVDF-co-HFP has been shown to hold on to
the ionic liquid and retain it in the membranes. Moreover, according to the results by
the number of publications so far, the improved results in conductivity obtained for this
matrix along with the addition of nanofillers, provoke a space-charge region, understood
by the evistence 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 to be 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 added, 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.

By adding nanoparticles, it has been possible to reduce the degree of crystallinity of
the polymers, an aspect proven in the investigations on PEO electrolytes. This feature is
a crucial issue because the membrane’s amorphous degree is responsible for conduction
along with the electrolyte. Furthermore, conductivity is improved because the nanoparticles
can act as a solid plasticizer, ensuring electrochemical properties and mechanical strength.
Besides, it is discussed the NCPEs assembled with other synthetic polymers. Despite some
minor variations, the results presented replicate the argument of improving the electrolyte
properties by adding nanofillers, setting a solid precedent regarding the applicability of
these polymers, where not much research has been found with the discussed approach.

Biopolymer electrolytes based on natural molecules have shown comparable ion con-
duction and electrochemical properties with traditional synthetic polymer electrolytes as
the ones discussed in previous sections. Besides, when discussing stability, the natural
polymer-based electrolytes are comparable, if not better, than the synthetic ones. The pro-
cesses for enhancing their properties are reachable by the same methods. The conduction
mechanism in both electrolytes is the same and is explained in terms of the exchange of
ions between complexed sites. Moreover, their abundance, low cost, and easier processing
ability make biopolymer electrolytes expected to bring a better future of green technologies
than non-biodegradable, toxic, and harmful materials used in commercial batteries today.

When choosing 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, GPEs currently need mobile liquids to perform the conduction process, and the
current ones present concerns in terms of stability, safety, and general sustainability. Hence,
the search for more benign and environmentally-friendly mobile liquids is a current issue
to increase the expectation on developing batteries based on sustainable components.
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In general, for all the polymer electrolytes, the addition of nanoparticles (ZnO, MgO,
TiO,, Al,O3, SnO») has been proved to enhance the electrical conductivity by, in the least of
the cases, one order of magnitude. Moreover, conductivity is improved, but cationic species’
electrochemical properties, mechanical strength, and transport properties are. Ultimately,
the awareness of the addition of nanofillers improving the mechanical stability and ionic
conductivity is a crucial point to be explored in the production of batteries. 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. These attempts need to be further developed to get
practical applications for the industry in large scale of polymer-based electrolyte batteries,
as well as other electrochemical devices, such as bioresorbable electronic devices that
include biobatteries, offering an innovative solution to the problems currently faced by
biomedical applications, generating positive impacts to the wellness of human beings and
the environment.

The research in this field needs to continue developing. Still, zinc and magnesium
are absolutely the future of batteries that present electrolytes in solid-state. These met-
als are likely to replace lithium, thanks to their high energy potential, inherent safety,
cost-effectiveness, and environmental-friendliness, along with the employment of the
biodegradable biopolymers discussed in this article for the electrolyte. These features set
the path for developing novel environment-friendly battery systems in the present world
that urges for more sustainable options.
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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™* 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™* 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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Abstract: Biopolymers are promising materials as electrolytes with high flexibility, good performance,
cost effectiveness, high compatibility with solvents, and film-forming ability. Chitosan (CS) and
carboxymethylcellulose (CMC) can form an intermolecular complex, giving rise to hydrogels capable
of absorbing ionic solutions. Citric acid (CA) is an effective biological chemical crosslinker that assists
the formation of amide and ester bonds between CMC and CS, resulting in a structure with high
ionic conductivity and good structural integrity. In this study, a chemical crosslinking strategy is used
to synthesize electrolyte hydrogels for zinc-air batteries. The effects of crosslinking are studied on
the structural and electrochemical performance of the membranes. The results show an improvement
in the ionic conductivity with respect to the homologous electrolyte hydrogel systems reported, with
a maximum of 0.19 S-cm~! at 30 °C. In addition, the cyclic voltammetry studies showed a current
intensity increase at higher CA content, reaching values of 360 mA-cm~2. Structural characterization
suggests a higher thermal stability and a decrease in the degree of crystallinity caused by the polymers’
crosslinking. Finally, these membranes were tested in Zn-air batteries, obtaining power densities of 85
mW-cm 2. The proposed hydrogels show to be appropriate for energy zinc-air battery applications
and present an alternative to support the sustainable energy transition.

Keywords: zinc-air batteries; electrolytes; hydrogels; biopolymers; crosslinking; casting technique

1. Introduction

To mitigate environmental problems, a transition to clean energy sources is essential,
such as wind and solar, which have the limitation of being intermittent. An attractive
alternative is the development of sustainable rechargeable batteries for renewable energy
storage, such as metal-air batteries. In aqueous metal-air batteries, zinc as an anode
presents strategic characteristics for battery performance, such as a high volumetric capacity,
low redox potential (—0.76 V vs. standard hydrogen electrode), and lower reactivity. It is a
chemical element of high abundance, and its use lowers the battery manufacturing cost and
toxicity, and it has good safety [1-8]. These characteristics make it an appropriate element
to develop ecofriendly batteries. In addition, zinc-air batteries (ZABs) are of great research
interest, since they are characterized by the electrochemical coupling of a negative metal
electrode to an air-breathing positive electrode, with high theoretical energy densities, even
10 times higher than their lithium ion counterparts [9-11].

A key feature in the design of new batteries is the physical state of the electrolyte.
Most commercial batteries use liquid electrolytes. These batteries present safety, toxicity,
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flammability, and leakage problems [12-14]. On the other hand, the growth of dendrites
on the metal electrode and the corrosion that occurs at the interfaces reduce the capacity
and life cycle of the battery and can even generate unequal currents during charging
and preferential nucleation, causing fires [15-20]. This is why great attention is currently
devoted to the development of solid or gel electrolytes.

Polymer electrolytes (PEs) have very attractive characteristics. They are flexible and
have good performance [21-24]. Mo et al. [25] proposed a polymer electrolyte for flexible
Zn batteries. The proposal of these authors demonstrated that PEs are an effective solution
to avoid dendrite penetration, hydrogen evolution reaction, and corrosion. However,
the main problems of these materials are their low battery efficiencies from poor ionic
conductivities, low electrochemical stabilities, insufficient mechanical strength, and huge
interfacial resistance [26,27].

Chitosan (CS) is an alternative for electrochemical applications, because it is an
ecofriendly and biopolymeric material that is nontoxic, biodegradable, and a good hydrogel
former [28]. Its molecular structure presents lone electron pairs at the oxygen atom from
hydroxyl and a nitrogen atom from amino groups, making it an appropriate polymer host
for ionic conduction. Due to the fact of these characteristics, hydrogels, membranes /films,
fiber, and sponges formed of chitosan biomaterial have been reported for numerous biotech-
nology, medicine engineering, environmental, and industrial applications [29,30]. CS has
been used to form blends with carboxymethylcellulose (CMC), a biopolymer that forms
intermacromolecular complexes through strong electrostatic and hydrogen bonding in-
teractions with CS [31,32]. Bakar et al. [33] reported that the highest ionic conductivity
achieved by solid CMC-CS PEs doped with dodecyl trimethyl ammonium bromide was
1.82 x 107® S/cm. This result was improved by Rani et al. [34] to 1.03 x 1075 S em~! by
adding ammonium nitrate to the polymer blend.

Biopolymer hydrogels solve many of the drawbacks of other types of electrolytes.
They have better ductility and flexibility, adapt to various working environments because
of their self-healing ability, exhibit shape memory, and have the ability to stretch their
crosslinked network of polymer chains with fluid-filled interstitial spaces [35,36]. CMC-CS
hydrogels can be synthesized by chemical crosslinking. There is scientific evidence for the
use of glutaraldehyde [32], arginine [37], sodium alginate [38], fumaric acid, and tartaric
acid [39] as crosslinking agents. In particular, citric acid (CA) is an effective chemical
crosslinker that leads to the formation of amide and ester bonds between CMC and CS,
generating a structure with porous networks and good mechanical stability [40].

KOH is an ionic salt used as an ion source to improve the ionic conductivity of the
system [41,42]. Iles et al. [43] achieved a maximum ionic conductivity of 0.019 S cm~! with
a polymer gel electrolyte composed of polyvinyl alcohol (PVA) and a terpolymer composed
of butyl acrylate, vinyl acetate, and vinyl neodecanoate (VAVTD) and a KOH solution. In
this work, hydrogels were synthesized from CS and CMC with the addition of CA to form
the host matrix doped with a concentrated 12 M KOH solution. The structural, thermal,
and electrochemical properties of the synthesized membranes were analyzed as a function
of the crosslinker addition and ratios. The results indicate that it is a good material to be
applied as hydrogel electrolytes in Zn-air batteries.

2. Materials and Methods

Chitosan food grade (90.6% deacetylated [44]) (purity 100%, BioFitnest), carboxymethyl
cellulose sodium salt (sodium glycolate max. 0.4%, high viscosity grade), and citric acid
anhydrous (purity 99.5%) were acquired from Loba Chemie. Acetic acid glacial anhydrous
for the analysis (purity 100%) and KOH pellets anhydrous (purity > 99.95%) were acquired
from Sigma Aldrich. The reagents were used directly for electrolyte membrane preparation.
Distilled water was used as a solvent in the polymer blending.

The Zn discs (99.999%) and Pt plates (99.97%) used in these cells were purchased
from Goodfellow. Hydrogel electrolytes were sandwiches between Zn and Pt electrodes
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(Zn/Hydrogel /Pt cell) or two Zn discs (Zn/hydrogel /Zn cell) (Beit Shemesh, Israel) and
Al,O3 polishing suspension (1 and 0.05 micron), Buehler (Lake Bluff, IL, USA).

2.1. Preparation of the CMC-CS and CMC-CS-CA Hydrogels

The hydrogels were synthesized using the solution polymerization/ crosslinking meth-
ods reported by Calderon et al., with some modifications [44]. The hydrogel components
were prepared separately; 2 g of CS was dissolved in 100 mL of 1% (v/v) acetic acid solution,
2 g of CMC in 100 mL of distilled water, and 4 g of CA in 100 mL of distilled water. The
polymer solutions were stirred overnight until homogeneous solutions were obtained.
Subsequently, the hydrogels were synthesized in a 3:1 CMC/CS volume ratio, varying the
amounts of CA added (Table 1). A membrane without CA was prepared to contrast the
results of the crosslinker effect. The different mixtures were prepared using an immersion
mixer for 3 min. Then, the mixtures were sonicated at 40 kHz at 60 °C for 60 min. The
hydrogels were dried in an oven at 80 °C for 60 min. The excess liquid was removed to
proceed to drying under a fume hood for over a week. The resulting membranes were
stored in a desiccator for further characterization in a dry form. In parallel, another set of
hydrogels was immersed in a 12 M KOH solution for 48 h before being subjected to the
different characterization techniques. To label the latter as hydrogels, “sw” was added to
the hydrogel codes (Table 1).

Table 1. Codes to name the hydrogel polymer electrolytes used in this work.

Electrolyte Hydrogel Code
CMC90/CS30 CMC-CS
CMC90/CS30/CA30 CA30
CMC90/CS30/CA40 CA40
CMC90/CS30/CA50 CA50
CMC90/CS30 “sw” CMC-CS sw
CMC90/CS30/CA30 “sw” CA30 sw
CMC90/CS30/CA40 “sw” CA40 sw
CMC90/CS30/CA50 “sw” CA50 sw

2.2. Swelling Behavior of the Hydrogels
The hydrogels were weighed before the hydration in 12 M KOH and after 48 h of
being immersed. For calculation, the swelling ratio (SR) shown in Equation (1) was used.
Wr — Wy
0

SR = x 100% )
where W is weight or volume, and the subindexes T and o represent the swollen hydrogel
and the initial hydrogel, respectively.

2.3. Structural, Thermal, and Electrochemical Characterization
2.3.1. ATR-FTIR Methods

To analyze the specific functional groups of the CMC and CS polymers and the
developed composite hydrogels, FT-infrared spectroscopy (FTIR) was conducted in the
solid state by attenuated total reflectance (ATR) using a spectrophotometer (Cary 630,
Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a 1-bounce diamond ATR
accessory. The spectra were registered in the range of 4000-400 cm !, with a resolution of
4 cm~!, and 64 scans were performed.

2.3.2. XRD Characterization

X-ray diffraction (XRD) patterns were recorded using a computer-controlled Rigaku
Mini-flex-600 with a D/tex Ultra 2 detector 26 (Rigaku, Tokyo, Japan). The measurement
conditions were 40 kV and 15 mA for the X-ray generator in a sealed tube with a Ni-filtered
Cu Ko radiation source (A = 0.15418 nm). For data collection, the membranes were placed
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in a sample holder, and the angular region selected was 28 = 5°-80° with a step width of
0.01°. Match! Software (Crystal Impact, Bonn, Germany) was used to quantify the degree
of crystallinity of each membrane [45].

2.3.3. SEM and BET Characterization

In order to study the hydrogels” morphology, field-emission scanning electron mi-
croscopy was used (FE-SEM, JEOL JSM-7401F microscope, JEOL Ltd., Tokyo, Japan). A
Brunauer-Emmett-Teller (BET) analysis was performed using N, adsorption/desorption
isotherms at —195 °C employing a S-BET Autosorb iQ2 (Quantachrome Instruments, Boyn-
ton Beach, FL, USA). Before the adsorption/desorption test, each membrane was treated at
80 °C in a vacuum for 1 h.

2.3.4. Thermal Analysis

The thermal properties of hydrogels were studied by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) using a DSC-TGA Q600 (TA Instruments,
New Castle, DE, USA). Nitrogen was employed as the purge gas. The temperature range
used was from 25 to 800 °C with a heating rate of 10 °C min~*.

2.3.5. Electrochemical Measurements

To evaluate the electrochemical behavior of the hydrogels, potential electrochemical
impedance spectroscopy (PEIS) was performed using a VIONIC instrument (Metrohm
model, Ecuador). The frequency range for the PEIS varied from 100 kHz to 1 Hz, and the
cell configuration used was Pt/hydrogel/Pt, with a 1 cm? area Pt blocking the electrodes.
The conductivity at different temperatures was examined in the range of 0 to 60 °C with
+1 °C precision using a Julabo circulator Polyscience (—40 °C, 15 L). Four measurements
were performed for each hydrogel and temperature. The system was stabilized after
each temperature drop for 5 min before taking the resistance measurement. The ionic
conductivity (o) was calculated using Equation (2):

1

T AxRy @

where 1 is the film thickness, A is the Pt electrode area, and R}, is the bulk resistance
obtained from the intersections of the impedance curve with the x-axis. Four impedance
measurements were carried out for each membrane. To determine the activation energy
(Ea) of each electrolyte, the Arrhenius Equation (3) was used with a linear fitting by plotting
a logarithmic relationship between In(c) and 1000/ T:

0 = 0pexp (_Kb}i_a("l")) 3)

where Ky, is the Boltzmann’s constant, T is the absolute temperature, and oy is a pre-
exponential factor [46].

The linear sweep voltammetry (LSV) staircase of the hydrogels was registered between
0.0 and +4.0 V using a Zn/hydrogel /Pt cell. Pt was used as the working electrode, and a Zn
disc served both as the counter electrode and the reference electrode. The measurements
were performed at a speed of 1 mV /s. Cyclic voltammetry (CV) was performed to evaluate
the electrochemical behavior of the hydrogels. The CV studies were carried out using a
Zn/hydrogel /Zn symmetric two-electrode cell with Zn electrodes of 0.5 cm? and a scanning
speed of 50 mV-s~! in a symmetric potential window from —1.5 to +1.5 V.

2.4. Battery Tests

The battery tests were conducted in an AMETEK® VersaSTAT 3 potentiostat/galvanostat
(Princeton Applied Research, Berwyn, IL, USA). The anode consisted of a piece of polished
high-purity Zn foil (15 x 10 mm length and width, 0.2 mm in depth, purity 99.9%, Yun-
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express Inc., Shenzhen, China). SIGRACET® 39 B slides (15 x 10 mm length and width,
0.4 mm in depth) impregnated with commercial catalytic ink and Pt/C (20% wt.%) were
used as a cathode. The catalyst mass loading was 1 mg cm~2. For the battery assembly,
the hydrogels were placed between the two electrodes. The discharge current density was
—3mA ecm™2, and the cut-off voltage was 0.2 V. The specific capacitance was determined
through the zinc weight loss after discharging the Zn—air battery at 1.98 mA cm~2.

3. Results
3.1. Formation Reaction of the Hydrogels

The CMC in an anionic polyelectrolyte form reacts with chitosan (cationic polyelec-
trolyte) by ionic interactions/crosslinking to form CMC-CS [47], leading to intra- and
intercharge compensation (Figure 1a). However, with the introduction of CA, in addition
to the ionic interaction, there is a reaction of esterification [48] because of the -OH and
—COOH groups added to the system, resulting in the formation of hydrogels (Figure 1b).
The primary -OH group of the carboxylic acid present in CA is known to be more reactive
than the -OH group formed in the CMC-CS uncrosslinked membrane, assuring the esterifi-
cation reaction with the CA. The crosslinking reaction seeks to increase the number of -OH
and ~COOH, functional groups desired in a polymer host for ionic conduction systems.

(a) 8
HOOC
HOOC
O> 1 o OH
5 fe) Tonic
H o] + Interacti .
H8 OH nteraction HOOC_  -n0¢
o HO J
4 o
Hi 8 o
Carboxymethyl cellulose (CMC) Chitosan (CS) [¢] HO
CMC-CS composite
H,N*
(b) o OH OH
HOOC> i Tonic s 00
o O) “NH, OH OH Interaction 0=\ OH NH OH
— >
s % o + [ [ HO % “
0 o. OH O OHO o %
HO HO 4 oH NH; 7/ 0N 00(
HO OH co0
Carboxymethyl cellulose (CMC) Chitosan (CS) O”"0OH e O
Q ¢)
Citric acid (CA) H 00
Esterification HO HO OH

CMC-CS-CA composite
Figure 1. Proposed reaction for the formation of the (a) CMC-CS and (b) CMC-CS-CA hydrogels.

3.2. Swelling Behavior

The SR of the soaked membranes was calculated, using Equation (1), by the KOH
uptake in the hydrogels (Figure 2). It was observed that the noncrosslinked membrane
exhibited the highest KOH uptake and volume change (288.68 + 26.49 wt.%, 37.5 vol.%). In
the case of the crosslinked hydrogels, a decrease in the SR was observed as the proportion
of CA increased. This behavior agrees with that reported by Fekete et al. [49], who noticed
a lower degree of swelling when a higher crosslink density was achieved. However, it is
noteworthy that the CA50 membrane, which swelled the least, absorbed approximately
1.5 times its weight with a very low volume change (Figure 2) pointing to a higher swelling
capacity in contrast to other polymeric blends [50,51]. In the synthesized hydrogels, the
KOH plays the role of an electrolyte ionic species donor to increase the ionic conductivity
of the system. In addition, it has been reported that KOH is able to enter the polymer
backbone causing conformational changes [52]. Additionally, the thickness of the hydrogels
ranged between 0.28 and 0.36 cm (Table S1).
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Figure 2. Swelling behavior in mass percentage and volume change of the CMC-CS sw hydrogels at
different CA proportions.

3.3. Structural Characterization
3.3.1. ATR-FTIR Analysis

The ATR-FTIR spectral data (Figure 3a) of the CS and CMC polymers showed typical
spectral bands. For the pure CS film, the spectrum showed a band in the region between
3100 and 3500 cm ™!, assigned to the ~-OH/NH stretching vibrations [53]. The band at
2920 cm ™! corresponded to the C-H bond of the methylene group attached to the primary
alcohol. In addition, two peaks observed at 2869 and 2857 cm ! were related to the
asymmetric and symmetric C-H stretching vibration of the N-acetyl group. The band at
1610 cm~! was related to the carbonyl assigned to the stretching vibrations of the acetylated
amino groups (amide I) and 1541 cm~! for the N-H bending vibration of the primary
amine (amide II), as reported previously [54]. The bands of the glycosidic bonds of the
skeletal polysaccharides at 1150 and 1063 cm ™! were again related to the stretching of
the asymmetric C-O bridge, while the peak at 1016 cm ™! was assigned to the vibration
of the C—O-C pyranose ring and the B—glycosidic bond, giving rise to bands similar to
those reported by Corazzari et al. [55]. In the spectrum obtained for the pure CMC film, a
fundamental band at 3209 cm !, attributable to the -OH stretching vibration, was observed.
On the other hand, there was a band at 1585 cm™! assigned to the symmetric stretching
vibration of the carbonyl [56]. The bands observed at 1425 and 1375 cm ™! were assigned to
the —-CH, stretching and -OH bending vibration of the CMC [57], while those at 1114 and
1024 ecm~! were characteristic of the C-O stretching of the polysaccharide backbone [58].

In the case of the CMC-CS membrane, along with the fundamental bands that are
characteristic for both polymers, a band at 1578 cm ™! was observed, which was associated
with the symmetric stretching vibrations of the COO- groups for the CMC (1584 cm ')
and to the N-H bending vibration (1563 cm™ 1) of the -NH, groups in chitosan. However,
this band has shifted to 1578 cm™!, suggesting ionic interactions and/or hydrogen bonds
between the CS and the CMC [59]. There is evidence that hydrogen bridge bonds between
the chitosan and the CMC could also be a factor in this shift [39]. The band shift to low/high
wavenumbers either weakened/strengthened, indicating crosslinking and the extent of the
linkage between the biopolymer backbone and the crosslinker [60].

As for the CA30, CA40, and CA50 spectra, there is evidence pointing to the formation
of ester bonds due to the fact of CA insertion, with the peak located at 1717 em™!, where
the difference in the peak intensity between the three hydrogels was given by the degree of
chemical crosslinking [39]. In the pure polymers and in the membrane without CA, this
peak was absent. In addition, the peak at 1578 cm ™! was also present in the crosslinked
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membranes. This allows us to conclude that both physical interactions and chemical
bonds occurred.
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Figure 3. ATR-FTIR spectra of (a) CS, (b) CMC, (¢) CMC-CS, and (d) CMC-CS sw hydrogels at
different CA proportions.

As for the swollen hydrogels (Figure 3b), the first relevant observed change was in
the -OH and -C-H region, with an increase in the broad band due to the insertion of water,
pointing to a higher amount and stronger hydrogen bonds within the polymeric matrix [43].
The band at 1636 cm ! mapped to the frequency of the water bending mode [61]. The
characteristic C=O peak shifted to 1584 cm ™!, probably because of an amorphous state [62]
due to the presence of hydroxyl groups of the KOH. Santos et al. [41] reported that the
oxygen atoms of the KOH and the C=0 groups of the polymer were strong electron donors
due to the presence of available lone pairs of electrons, pointing to coordination of the
K* cations, with these groups forming complexes such as C=0- - - K* or C-O- - - K*. The
fingerprint region indicated the skeletal signals of the glycosidic bonds, where the C-O-
C vibration of the pyramidal ring at 1024 cm~! was shown to be reduced in intensity,
evidencing the change in the shape and intensity of the C-H and C-O-C peaks [63]. This
reduction can be explained by the interaction between the Lewis OH- base and Lewis acid
of the CA, with the smaller band for the membrane with less CA content, pointing to the
preservation of the polysaccharide chains when more CA was added to the matrix.

3.3.2. XRD Analysis

The XRD pattern from pure CMC is reported to exhibit a diffraction peak at
20 = 19.59° [64], while for CS it presents characteristic peaks at 10.18° and 20.16°. These
values indicate a semicrystalline nature for the polymers [65]. In our study, the peak at
10.18° disappeared from the diffractograms, and the most relevant peak obtained was at
20 =21°, exhibiting a broad shape (Figure 4). This peak points to the amorphous nature of
the membranes when compared with the pure polymers [39,59]. Then, when analyzing
the swollen membranes, the degree of crystallinity (X.) decreased due to the addition
of the KOH solution. The formed complex between the polysaccharide chains and the
potassium cations could explain this behavior. Hence, the decrease in the crystallinity could
be explained by the destruction of the hydrogen bonding in the matrix [66].
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Figure 4. XRD patterns of the CMC-CS and CMC-CS sw hydrogels at different CA proportions.

The addition of the CA crosslinker increased the amorphousness of the hydrogels,
obtaining 15.6% of the crystallinity in the case of the CA50 unswollen membrane (Table 2).
Moreover, with the absorption of the KOH, it was observed that X decreased. The smallest
degree of crystallinity was obtained for the CA40 sw hydrogel, reaching 4.6%, while the
values for the CA30 sw and CA50 sw membranes were 5.2% and 4.7%, respectively. The
degree of crystallinity is important, as it is related to the hydrogels” swelling behavior [67].
Additionally, the ionic conductivity suffered an improvement, as the crystallinity decreased
since the ions have low mobility in the crystalline phases [68,69]. With the increased amor-
phousness, more voids were present, which is relevant to obtain higher ionic conductivity
values [70].

Table 2. Crystallinity degree (X) calculated from the XRD patterns.

Membranes Xc (%)
CMC-CS 17.9
CA30 15.5
CA40 14.4
CA50 15.6
CMC-CS sw 10.7
CA30 sw 52
CA40 sw 4.6
CA50 sw 47

3.3.3. SEM Micrographs and BET Analysis

For the uncrosslinked membrane CMC-CS, more smoothness and uniformity of the
surface was shown, with few lumps presented on it (Figure 5a,b). This observation sug-
gests good miscibility, homogeneity, and interaction of the polymers that form the mem-
brane, leading to compaction of the microstructure [71]. For the crosslinked membrane
CA50, a chapped surface with pleats, granules, and some orifices (macroporous) was
observed. Wang et al. [72] reported similar surface structures related to the crosslink-
ing degree achieved by polyethyleneimine/poly(vinyl alcohol) composites. Otherwise,
Ritonga et al. [73] reported that the presence of uneven granules dispersed on the surface
of hydrogels composed of chitosan-ethylenediaminetetraacetic acid, which has been iden-
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tified as a crosslinker. The N> adsorption—desorption isotherms for the hydrogels were
obtained (Figure S1). A mix of type II and type III isotherms was observed, with a low
superficial area ranging from 3.3 m?/g for the CMC-CS membrane to 2.0 m?/g for the
CA50 membrane. The herein obtained results suggest the obtention of nonporous or macro-
porous materials with a low relationship between the adsorbent and adsorbate. Hence,
the swelling behavior when the membranes were hydrated with KOH solutions can be
explained by a phenomenon of absorption rather than adsorption, indeed related to the
crosslinking degree [39].

100

Figure 5. SEM micrographs of the CMC-CS membrane at (a) 250x and (b) 5000x and the CA50
membrane at (c) 250x and (d) 5000 x.

3.4. Thermal Characterization

The CMC-CS membrane shows three degradation regions starting at 40, 130, and
330 °C (Figure 6). The first loss (17.8 wt.%) was attributed to the internal loss of water
that the polymeric matrix undergoes. The second and third losses were linked to the
degradation of the polymeric backbone. The second weight loss was also related to carbon
formation [74,75]. Comparing our curves for the dry membranes with the curves obtained
by Uyanga et al. [39] for pure polymers, it can be seen that the degradation regions coincide
but in our case with an increase in the thermal stability. From ~450 °C onwards, a stable
behavior was observed, with a remaining residue of ~34.6 wt.% for the CMC-CS membrane
and 26.4 wt.% for the CA50 membrane, suggesting an increase in the carbon yield with
the increasing CA content in the hydrogel. The carbon yield is influenced by the chemical
bonds and functional groups in a sample [76].
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Figure 6. TGA curves of the CMC-CS and CMC-CS sw hydrogels at different CA proportions. Inset:
DTGA curves of the electrolytes.

In the case of the swelled membranes in KOH solution, the loss of absorbed water
by the hydrophilic groups in the polymer chains began at 47.7, 50.8, 53.6, and 56.6 °C for
the CMC-CS sw, CA40 sw, CA50 sw, and CA30 sw, respectively. It was observed from
the DTGA curves (Figure 6 inset) that the minimum peak shifted from 96.8 to 112.8 °C as
more CA was added to the crosslinked membrane (CA50). That shift of the minimum peak
is evidence of an increased thermal stability and higher water retention in the polymer
matrix [62]. This can be explained by the higher degree of esterification (discussed in
Section 3.1), since with the presence of more ester bonds in the polymer chain, a more
reinforced structure is obtained, leading to stronger internal bonds that require more heat
to undergo the regions of degradation. The next range of the matrix’s degradation began
at 240 °C. The weight loss was 45.9%, 41.5%, 39.64%, and 36.7% for CMC-CS sw, CA30
sw, CA40 sw, and CA50 sw, respectively. These losses originated from the degradation
of the saccharide structure of the molecule [77]. The last region found from 516 to 537 °C
shows the modification of the chemical structure produced by the oxygen-containing KOH
molecule. The intensity of this peak was related to the KOH swelling behavior of the
membranes. The higher residue percentage in the swelled hydrogels in comparison to
the dried membranes could suggest the presence of potassium salts formed when KOH is
decomposed [78].

The intermolecular interaction of the components could be evidenced in the DSC
curves of the dried hydrogels (Figure S2a). For the CMC-CS hydrogel, it was evidenced an
endothermic peak at 110 °C, attributable to heat absorption by water evaporation from the
hydrogels [40]. Moreover, another endothermic peak was depicted at 204 °C, referable to
the thermal degradation of the polymers [79]. However, for the CMC-CS-CA hydrogels,
this peak shifted to lower values (194 °C), further confirming crosslinking. Beyond 235 °C,
the last peak turned into an exothermic peak for all hydrogels. This phenomenon has been
reported to be associated with CS structure debonding and the decomposition of its amine
unit [80]. In terms of the soaked hydrogels, the increase in the intensity of the DSC curves
(Figure S2b) points to firmer internal bonds related to the addition of CA, requiring more
heat to evaporate the moisture and break the membrane bonds and, finally, leading to the
thermal degradation of the structures [39].
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3.5. Electrochemical Characterization
3.5.1. Influence of the CA Content on the Ionic Conductivity

The ionic conductivity (o) was studied as a function of the temperature for all of the
swollen hydrogels (Figure 7). For Arrhenius to be suitable, the plots of In(c) versus 1000/T
should follow a linear fitting in the chosen temperature range. This linearity points to a
thermally assisted conduction [81]. In this type of conduction, the energy barrier E, needs
to be surmounted for the ion to move from one site to another [82]. The highest value of E,
was obtained for the CMC-CS sw hydrogel, with 0.21 eV. Smaller values of 0.14 and 0.18 eV
were obtained for the crosslinked hydrogels CA40 sw and CA30 sw, respectively (Table 3).
Moreover, the Arrhenius behavior in the CMC-CS sw hydrogel was lost at 50 °C, whereas
for the CMC-CS-CA sw membranes, they achieved linearity until 60 °C, suggesting an
enhanced stability of the conduction process for the synthesized hydrogels.
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Figure 7. Tonic conductivity of the CMC-CS sw electrolytes at different temperatures. Inset: Activation
energy (E,) of the CMC-CS sw electrolytes.

Table 3. Swelling ratio and some electrochemical values obtained for the CMC-CS and CMC-CS-CA
sw electrolytes. Ionic conductivity values were obtained at T = 30 °C.

Electrolyte KOH zg:)orptlon Ea (eV) o (S.em™)
CMC-CS sw 288.35 + 26.64 0.21 0.11
CA30 sw 180.40 + 17.01 0.18 0.16
CA40 sw 160.83 + 7.10 0.14 0.18
CA50 sw 151.69 + 1.09 0.16 0.19

The results show the swelled KOH to be inversely proportional to the increase in ionic
conductivity, obtaining a maximum of 189 mS cm™! for the CA50 sw hydrogel (Figure 8).
This apparent contradictory behavior can be explained by the capability of the membrane to
retain the swelled KOH when it is pressed between the electrodes and its further integrity.
These values follow the trend of the decrease in the crystallinity caused by the KOH
solution, which was already discussed in Section 3.3.2. This effect was enhanced when the
temperature increased, generating a more structural relaxation of the polymer chains and
expanding the free volume, causing an increase in the conductivity as evidenced in Figure 7,
obtaining a conductivity of 273 mS cm ™~ for the CA50 sw hydrogel at 60 °C. Therefore, the
results agree with reports of the decrease in the crystallinity to be inversely proportional
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with the increase in the ionic conductivity [83,84]. The obtained values for o show a
substantial increase from previous studies in the field, where ionic conductivities of less
than 103 S-cm ™! were reported [85-89], pointing to the applicability of these membranes
in electrochemical applications. Achieving a high ionic conductivity allows for more ions to
pass through at a given time, improving the capacity at higher discharge rates [90], which
is also important for obtaining a high energy density [91].
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Figure 8. Comparison between the ionic conductive values and KOH absorption behavior of the
CMC-CS sw hydrogels at different CA proportions.

3.5.2. Linear Sweep and Cyclic Voltammetry (CV)

It can be evidenced from the linear sweep voltammetry (LSV) studies how the elec-
trolytes were stable in a long electrochemical potential window (Figure 9a), with the best
window obtained for the CA50 membrane, which reached up to approximately +2.1'V,
while the other electrolytes resulted in being also highly stable in comparison with a liquid
electrolyte, for which the electrochemical window (1.23 V) is restricted due to the water
electrolysis. The cyclic voltammetry (CV) studies were performed in an electrochemical
stability window in the range of —1.5 to 1.5 V to study Zn** conduction and reversible equi-
librium between the zinc metal and the zinc ions present inside the CMC-CS sw hydrogels,
as presented in Figure 9b. When analyzing the peaks’ shape, a quasi-reversible behavior
for the redox processes was evidenced; the cathodic peak corresponded to the reduction
process of Zn2* to Zn®, while the anodic peak was attributed to zinc oxidation to Zn?t
cations [43]. The oxidation/reduction reactions were evidenced for all of the membranes
according to the peaks in the CV plot as evidence of the establishment of the reversibility
of the Zn/Zn%* couple. Two peaks split into both anodic (a; and ap) and cathodic (c; and
¢2) branches were observed. The first peak in the anodic branch (a;) was highly reported
for alkaline electrolytes [90], being as follows:

Zn+40H =ZnOH); 2 +2e

Whereas for the second peak, ap, Cai et al. [92] associated it to the formation of
Zn(OH)3~ complexes due to the depletion of OH™ anions near the electrode surface,
creating a prepassive layer at a more positive potential than a;. For the cathode peaks, the
reverse reactions were happening. The inverse peak b’ in the cathodic branch was reported
to occur due to the oxidation of Zn after some dissolution of the passive film deposited
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on the surface of the Zn electrode that was released during the cathodic sweep. The same
occurred for peak b” in the anodic sweep [41].
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Figure 9. (a) Linear sweep voltammetry studies for the CMC-CS sw hydrogels at different CA
proportions; (b) cyclic voltammograms of the swollen hydrogels at ambient temperature. Inset:
40 consecutive cycles of the CA40 sw membrane.

A maximum peak of intensity at 225 mA-cm ™2 for the CMC-CS sw hydrogel was
obtained, while for the CA50 sw membrane it achieved 360 mA-cm~2. The large separation
in peak potentials is reported to be due to the absence of reference electrode used, typical
for the evaluation of gel PEs [93,94]. For all the membranes, stability is evidenced when
performing 40 consecutive cycles, pointing to a good electrochemical behavior and the
reversibility of the system. The presented results indicate an improvement of the fast-ionic
motion across the electrolyte matrix, since the intensity values are reported to depend on
the number of electrons transferred between the redox species and the electrode, which
depends on the ions” movement [43,95]. The ionic conductive behavior of these type of PEs
has been reported to be due to the heteroatoms from CMC and CS donating electron pairs
from s orbitals to Lewis’s acids, forming a complex—transport system [41]. Thus, it points
to the applicability of the hydrogels in electrochemical devices.

3.6. Zn/Hydrogel/Air Battery

The primary ZAB was constructed using a previously reported configuration [96],
without the use of the reservoir, being replaced by the hydrogel electrolytes proposed
in this work (Figure 10e). The open circuit potential for all of the membranes reached
values of 1.46 V. The discharge and power densities displayed in Figure 10a showed clear
differences between the use of the CMC-CS sw membrane and the crosslinked membranes,
with double the power density for the CA50 sw membrane (85 mW cm~2) compared to
the noncrosslinked membrane (40 mW cm™2). These results show an enhancement in the
power density of the system when compared with the use of KOH 6 M as an electrolyte,
where a power density of 28 mW cm ™2 was reported by Diaz-Patifio et al. [97]. The CMC-
CS sw hydrogel required the greatest electrical work at the demanding current densities
in the stability tests at different current densities (Figure 10b), reflected in the higher
overpotentials. In comparison, the CA50 sw membrane required lower overpotentials to
provide the fixed current densities. In addition, the ZAB using the CMC-CS sw electrolyte
was unable to sustain operation at current densities of 10 mA-cm 2. Table 4 shows the
battery performance obtained in this work compared to other reports that used polymers
in their electrolyte system.
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Figure 10. (a) Discharge and power density curves for the battery operated with the Zn foil as an
anode and Pt/C as a cathode and the synthetized hydrogels; (b) discharge tests at selected current

densities; (c) potential electrochemical impedance spectroscopy studies; (d) discharge performance at
3 mA cm~Z; (e) photograph of the assembled device.

Table 4. Battery performance of some Zinc-air batteries with polymer electrolytes.

Ionic R Specific 7
Electrolyte Conductivity Bulk I:e(:; Sirice Capacitance P(()w‘e,; De{‘?)ty Reference
(Scm1) (mA-hg1) mem
Chitosan-PDDA-GA KOH 0.02 ~1.00 = 489 [98]
QA-functionalized
nanocellulose-GO-KOH 0% ) ) £ (%]
PVA-PEG-5i0, KOH 0.06 ~1.30 720.6 62.6 [100]
PVA-NH4Cl-ZnCl 0.07 2.16 . ~8 [1o1]
CS-PVA KOH 0.11 1.06 221.6 - [102]
CMC-CS-CA KOH 0.19 1.85 1026 85 This work

In terms of the bulk resistances (Rp) of the ZABs (Figure 10c), values of 3.65 () for
the CMC-CS sw membrane and 1.85 () for the CA50 sw membrane were obtained. This
decreasing pattern of Ry, was due to the increasing of the charge carriers and the OH™ ions
with an increased SR [103]. The discharge time of the battery using the CA50 sw reached a
7.4 h set time for the discharge process (Figure 10d), while for the CMC-CS sw membrane,
it only took 4 min to finish discharging. The average nominal voltages at the flat plateau
region ranged from 1.23 V for the CA50 sw hydrogel to 1.20 V for the CMC-CS sw hydrogel
before hitting cutoff voltages of 1.19 and 1.18 V, respectively. The voltage values decreased
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slightly in the plateau region, possibly due to the concentration polarization caused by
salt depletion or accumulation within the cell [104]. The maximum specific capacitance
obtained was 1026 mA-h g~ for the battery assembled with the CA50 sw electrolyte.

4. Conclusions

The esterification/ crosslinking reaction for the CMC-CS-CA hydrogels was achieved
through the synthesis proposed in this work, confirmed by ATR-FTIR. The swelling behav-
ior of the noncrosslinked hydrogel had a higher swelling ratio than its counterparts with
citric acid. However, this higher capacity came along with low structural integrity when
used in battery assemblies. With the addition of CA, a superior structural stability of the
membranes was obtained. The structural characterization carried out suggested a higher
thermal stability and a decrease in the degree of crystallinity of the crosslinked membranes.
The absorption and nonadsorption mechanism was confirmed through the study of N>
adsorption/desorption processes.

The values of the ionic conductivity and current improved with the proposed hy-
drogels compared to the noncrosslinked electrolyte, confirmed by the electrochemical
characterization by electrochemical impedance spectroscopy and cyclic voltammetry. Ar-
rhenius behavior was confirmed in the range of 0 to 60 °C for the crosslinked membranes,
and a maximum value of 0.19 S-cm ! was found at 30 °C. In addition, the cyclic voltam-
metry 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 CA50 sw hydrogel.
The synthesized hydrogels were finally tested in a zinc-air battery, with high performance
in terms of power densities, bulk resistances, and discharge times. The obtained results
show that these hydrogels are suitable candidates for use in energy storage devices.
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Supporting Information
Table S1. Average electrolytes’ thickness used for ionic conductivity calculations.
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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™ 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™. 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?. Altogether, these results
demonstrate the great effects obtained in dependence of the drying technique chosen for the

synthesis procedure.
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Zinc-air batteries (ZABs) are devices of great interest as a replacement option for subsequent technologies to lithium-ion batteries.
Still, the need for suitable electrolyte materials limits their application in commercial devices. In this study, a green hydrogel
composed of chitosan and carboxymethylcellulose was synthesized with the use of citric acid as a chemical crosslinker, physical
freezing-thawing, and freezing-drying strategies. Physicochemical, thermal, and electrochemical characterizations were performed
to study the effects of the proposed synthesis’ on the performance of the hydrogels for the desired application. The obtained
hydrogels showed a porous morphology that was doped with a 12 M KOH solution. Adequate complexation of K" cations and the
polymer chains was observed. The resulting membranes showed an enhanced ionic conductivity of 0.39 S cm™, attributed to the
pores and channels generated by the crosslinking strategies, contributing to the pathways for ions to move easily. In addition, the
temperature dependence of the conduction mechanism was confirmed in the temperature range of 0 °C to 70 °C. The electrolytes
were employed in ZABs prototypes, achieving a maximum power density of 117 mW cm?and a specific capacitance of 1899 mAh
2", The presented results show the promising properties of these hydrogels as electrolytes for green storage devices.
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Zinc-air batteries (ZABs) have attracted considerable interest as
an energy storage device for a wide range of applications. These
batteries employ zinc as the negative metal electrode and an air-
breathing positive electrode, and the advantages of this metal include
inherent safety, low cost, and availability." To develop a suitable
ZAB prototype that can be scalable to commercial use, it is essential
to have an appropriate electrolyte to connect both electrodes.
Polymer electrolytes (PEs) are an important and promising tech-
nology for energy storage devices applications. These materials are a
type of solid-state or gel-based matrix employed as the electrolyte
component of a battery. PEs are known to be less volatile and non-
flammable, leading to safer cells than conventional liquid electro-
lytes, avoiding some undesired reactions that provoke internal
shorting, electrolyte leakage, and production of harmful gases.’

Several polymer matrices designed to retain plasticizers or liquid
electrolytes have been researched to improve their performance in
ZABs.? Electrolytes made of biopolymers have shown comparable
ion conduction and electrochemical properties than the traditional
fossil-based polymer matrixes.*® Their abundance, low cost, and
easier processing ability make biopolymer electrolytes expected to
be the next generation of green energy technologies. Among the
available biopolymers, carboxymethylcellulose (CMC), and chitosan
(CS) have been reported to form intermolecular complexes through
strong electrostatic and hydrogen bonding interactions.”® CMC-CS
hydrogels can be synthesized through chemical and physical cross-
linking. Chemical crosslinking has been the focus of our previous
work employing citric acid (CA) as a chemical crosslinker,” which
allowed us to obtain better structural integrity, higher thermal
stability, and enhanced electrochemical properties. A maximum
ionic conductivity value of 0.19Scem™ at 30°C was achieved,
along with a power density of 85 mW cm ™.

*Electrochemical Society Student Member.
“E-mail: jlafur@yachaytech.edu.ec
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Physically crosslinked hydrogels are synthesized by different
strategies that lead to ionic interactions between the polymers,
crystallization (freezing strategies), the formation of hydrophobic
polysaccharide stereocomplexes, protein interaction, and hydrogen
bonding.'” Physical hydrogels can be obtained by repeated freeze-
thaw (F-T) cycles from a concentrated aqueous solution containing
polymers ca[l)able of forming physical crosslinks through weak
interactions.'' During freezing, the formed ice crystals organize
the polymer chains around themselves. Then, during the thawing of
the cycle, the ice crystals melt, giving rise to a microporous
structure.'? The stability of hydrogels obtained by this method
increases with the number of F-T cycles.'® From the works reported
to date, in which chitosan hydrogels are synthesized by this
technique, a decrease in pore size and an increase in elastic modulus
and tensile strength are evidenced.'* '

On the other hand, freeze-drying through lyophilization is
another inexpensive physical crosslinking method in which the
sublimation process at low temperatures and under vacuum condi-
tions produces homogeneous porous polymeric membranes with
reduced shrinkage and high mechanical strength.'” Zhong et al.'®
designed a porous methyl cellulose-based gel polymer electrolyte
fabricated through freeze-drying that exhibited high ionic conduc-
tivity, low interface impedance, and low activation energy for Li"
migration due to the presence of micropores in the matrix, capable of
retaining large volumes of liquid electrolyte.

In the present study, membranes were synthesized from CS,
CMC, and CA by freezing-thawing and posterior freeze-drying
procedures. The synthesized membranes were doped with a 12M
KOH electrolyte solution. The physicochemical, thermal, and
electrochemical properties of the hydrogels were determined to
analyze the effect of the chemical and physical crosslinking
strategies employed and to evaluate the applicability of the material
as an electrolyte in ZABs. Then, a cell prototype was constructed
with each membrane to perform primary battery tests to investigate
the bulk resistance, the power and current densities, and the specific
capacity of the cell prototypes with the designed materials.
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Experimental

Chemicals and materials.—Carboxymethyl cellulose sodium
salt (high molecular weight, high viscosity grade, sodium glycolate
max. 0.4%), and anhydrous citric acid (CA) (purity 99.5%) were
purchased from Loba Chemie. 90.6% deacetylated'” chitosan food
grade (low molecular weight, purity 100%, BioFitnest). Anhydrous
glacial acetic acid for analysis (purity 100%) and potassium
hydroxide pellets (purity > 85.00%) were purchased from Sigma
Aldrich. All chemicals were used directly without further purifica-
tion, and distilled water was used to prepare all the aqueous
solutions. For electrochemical testing, Zn discs (99.99%) and Pt
plates (99.97%) were acquired from Goodfellow. For the battery
prototype, the anode was built of a piece of polished high-purity Zn
foil of 0.2 mm thick, 10 x 15 mm width and length (purity 99.9%,
Yunexpress Inc., Shenzhen). SIGRACET" 39 B slides of 0.4 mm
thick, 10 x 15 mm width and length, impregnated with a catalyst
mass loading of 1 mg cm™ commercial catalytic ink and PYC (20%
wt%) were designed as the cathode.

Preparation of the Frozen-Thawed CMC-CS-CA hydrogels.—
Hydrogels were prepared by solution polymerization/crosslinking
methods, following a procedure similar to the one previously
reported by our research group,” and modified in this new work.
We added 5 freeze-thawing cycles along with a freeze-drying step.
Briefly, homogenous solutions of 2 wt% of CMC, 4 wt% of CA and
2wt% of CS (in 1 wt% of acetic acid) were prepared separately.
First, 90 ml CMC solution was mixed with 30 ml CS solution to
form CMC-CSL solution. Then, varying amounts of the CA solution
were added to form hydrogels named CA30L, CA40L, and CA50L
(Table SI). The solutions were homogenized with an immersion
blender for 3 min. Subsequently, the solutions were sonicated at
40 kHz at 60 °C for 1 h. The mixtures were then dried in an oven at
80°C for 1h. Excess liquid was removed starting the freezing-
thawing cycle process. The solutions were frozen at —80 °C for 16 h,
followed by thawing (room temperature for 8 h) for up to 5 repeated
cycles. Finally, all hydrogels were freeze-dried for 48 h at —55 °C,
76 mmtorr in a lyophilizer (Gperon), and stored in a desiccator for
characterization. One set of membranes was immersed in a 12M
KOH solution for 48 h for testing. The synthetis procedure is shown
in Figure 1. Hydrated membranes are labeled with “sw” next to the
names of the hydrogel (Table SI).

Physicochemical characterization.—X-ray diffractograms were
obtained using a computer-controlled Rigaku Mini-flex-600 with a
D/tex Ultra 2 detector 26 (Rigaku, Tokyo, Japan) operated at 40 kV
and 15 mA in a sealed tube with a Ni-filtered Cu K radiation source
(A =0.15418 nm). The studied angular region was 26 = 5°-80° with
a step width of 0.01°. Match! Software (Crystal Impact, Bonn,
Germany) was used to quantify the crystallinity degree (CD) of the
hydrogels.”® Fourier transform-infrared (FTIR) was used to analyze
the chemical bands of the hydrogels. IR spectra were obtained using
a Cary 630 spectrophotometer equipped with a 1-bounce diamond
ATR accessory (Agilent Technologies Inc.). The spectra were
registered with 64 scans in the range of 4000-400cm ', with a
resolution of 4 cm ™. Surface and cross-sectional scanning electron
microscopy (SEM) micrographs were acquired with a JEOL JSM-
6010/LV microscope (JEOL Ltd). Elemental mapping was per-
formed on the swelled and used membranes by energy-dispersive X-
ray spectroscopy (EDX) using an EDX TEAM analysis system
integrated into the SEM. Thermogravimetric analysis was performed
by a TGA SDT Q600 (TA Instruments), with a nitrogen flow from
ambient to 800 °C using a heating ramp of 10°C-min”'. KOH
swelling retention tests were carried out by weighing the membranes
before and after 48 h of being immersed in the 12 M KOH solution,
and the swelling ratio (SR) calculations were performed using Eq. 1:

SR = (Wy — Wp)/Wp) x 100% [11
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where W is weight or volume, and the subindexes T and O represent
the swollen membrane and the initial membrane, respectively. The
initial and final volume of the hydrogels was measured by obtaining
the length, width, and height of the sample with the use of a
micrometer and multiplying these measurements to calculate the
volume of a box-shaped figure.

A biodegradation study in composted soil was conducted using
commercial soil employed for cultivation, following a similar
method as the one reported by Michelle et al.>! Membranes of
1.0 cm? and ~0.5 cm were interred in the soil at room temperature in
triplicate. Soil was watered every 3 d. Samples weights were
registered at different time intervals after vacuum drying for 24 h.

Electrochemical measurements.—Electrochemical assays were
performed using a VIONIC instrument (Metrohm model). Cyclic
voltammograms (CV) were obtained at a sweep rate of SOmV s~ ' in
a symmetrical potential window from —1.5 to +1.5V using a
symmetrical two-electrode Zn/hydrogel/Zn cell with 0.5 cm? non-
blocking Zn electrodes. Potential electrochemical impedance spec-
troscopies (EIS) of the swollen hydrogels were obtained in the
frequency range from 100 kHz to 1 Hz using a Pt/hydrogel/Pt cell
configuration with 1 cm?® Pt blocking electrodes. Impedance was
measured over a temperature range from 0°C to 70 °C with an
accuracy of +1 °C using a Julabo Polyscience circulator (—40 °C,
15 L) to calculate the ionic conductivity with Eq. 2:

6 =1/(A X Ryp) [2]

where A is the Pt electrode area, | is the film thickness, and Ry, is the
bulk resistance, obtained from the intersection of the impedance
curve with the x-axis. Four measurements were performed for each
membrane and temperature. The activation energy (E,) was deter-
mined with Arrhenius Eq. 3 fitted linearly by plotting the logarithmic
relationship between In(o) and 1000/T:

0 =09 X (=E/(T x Ky)) (3]

where T is the absolute temperature, o, is a pre-exponential factor,
and K|, is the Boltzmann’s constant.”™

Zn-air battery tests.—The battery prototype tests were performed
in an AMETEK' VersaSTAT 3 potentiostat/galvanostat (Princeton
Applied Research). The hydrogels were placed between the Zn-Pt/C
electrodes using the previously reported configuration,> without the
use of the reservoir. Firstly, EIS spectra were obtained at the open
circuit potential in a frequency range of 100 kHz to 0.1 Hz. Then,
ZAB experiments like polarization and power density curves were
performed for each membrane. The discharge current density for the
polarization curves was 20 mV s~', and the cut-off voltage was
0.2 V. Additionally, the battery was discharged using different
current densities maintained for 300s. Finally, specific capacity
was determined by applying a constant current density of
3mA cm 2, the zinc mass loss from this test, and the previously
reported equation.*

Results and Discussion

Structural characterization.—XRD and FTIR studies In the
obtained diffractograms, the peak at 10.2°, reported to be assigned to
the amine I “~“N-CO-CH;" of chitosan,”> had almost disappeared
from the XRD patterns. The most prominent peak appeared at 20 =
21.3°, with a broader shape compared to that of the pure polymers
(Fig. 2), which is an indication of amorphization. The shift in this
peak indicated the pairing of the CMC and CS chains by ionic
interaction between the carboxyl groups from CMC and the amine
groups from CS. It was reported that 26 = 20.01° was assigned to
the amine II (—NH,) and to crystallographic planes (020), (110) and
(120).%° The shift presented towards higher theta values indicates a
decrease in interchain spacing, typical of enhanced crosslinking.?’
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Figure 1. Scheme of the synthesis process of the CMC-CSL membranes as hydrogels for electrolytes.
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Figure 2. XRD patterns of the CMC-CSL and CMC-CSL sw hydrogels at
different CA proportions.

The CA crosslinked membranes demonstrated an increase in the
peak intensity for 20 = 21.3°, and when compared to the CA-free
hydrogel, an increase in the material’s crystalline degree is evi-
denced, confirmed quantitatively with the CD obtained with Match!
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Software,”” with values from 18.6% for the membrane without CA,
up to a value of 24.2% for the CASOL membrane (Table I). This
increase was especially evident in the peak 20 = 36.7° in the CA40L
and CASOL membranes. The obtained XRD patterns are congruent
with those published in the literature for similar polymeric matrices
and pure polymers.”*? In terms of the hydrated hydrogels, the CD
decreased due to the addition of KOH molecules to the matrix, since
the K™ cations form complexes with the polymer chains, breaking
some of the hydrogen bonding in the system.*”

Among the identified bands in the FTIR spectra, the CMC-CSL
membrane depicted the characteristic bands for both polymers in the
IR spectrum at 3200 and 3300cm~', assigned to the —OH/NH
stretching vibrations of CMC/CS, respectively (Fig. 3a).?® The peaks
observed at 2880 and 2857 cm ' correspond to asymmetric and
symmetric C-H stretching vibration of the N- acetyl group.®' The
band at 1021 cm ™" is related to the C-O—C vibration of the pyranose
ring.*? The most significant change in the spectrum of this hydrogel
compared to pure polymers is that the amide group (1655 cm ™) of
CS and the carbonyl group (1596 cm ") of CMC interact to form a
band at 1574 cm ™', which suggests the complexation of CMC-CS by
iofnicc ir:geraction between the COO™ group of CMC and NH; ™ group
of CS.”™

In the case of the CA crosslinked membranes, the ester bond
formation reported for the reaction mechanism’ was also confirmed
for the proposed synthesis, with the band located at 1711 ¢cm ™", with
the band observed at lower frequency compared to the casting dried
membranes. The intensity of the band among the three samples is
also an indicator of chemical cross-linking degree. The band
corresponding to the C-O-C shifted to lower wavenumbers
(1015 cm™"), but with an increase in intensity, which is attributed
to physical crosslinking caused by the F-T cycles.**



Journal of The Electrochemical Society, 2023 170 060502

Table I. Crystallinity degree (CD) calculated from the XRD pat-
terns.

Hydrogels CD(%)
CMC-CSL 18.6
CA30L 19.6
CA40L 23.5
CA50L 242
CMC-CSL sw 9.6
CA30L sw 6.8
CA40L sw 6.4
CA50L sw 7.6

As for the hydrated membranes (Fig. 3b), the bands related to the
O-H region showed changes, principally with an increase in the
band at 3306 cm ! due to the water insertion, confirmed also by the
band at 1636 cm ', assigned to the O-H bending mode of water.™
The carbonyl band shifted to 1596 cm ™', due to the formation of
complexes with K* originated from KOH insertion.>® The band at
1021 cm™ ! corresponding to the C-O-C ether pyranose ring
presented a higher intensity compared to the homologous casting-
dried counterparts,” which suggests that the physical crosslinking
originated from the F-T processes preserves the polymeric chains in
the system. Besides these differences in intensity of ester and ether
bands, all the other bands between cast-dried and F-T dried
membranes showed no differences, as an indicator of how this
drying method does not affect other interactions that occur between
both polymers.

SEM micrographs and EDX characterization.—Surface and
cross-section micrographs of the CMC-CSL (Fig. 4a) presented an
irregular morphology, with disordered pores and a smoother surface.
Granules were also identified on the surface. The CA40L mem-
branes (Fig. 4b, a highly porous and more distributed structure, was
observed pointing towards efficient miscibility between the em-
ployed biopolymers and CA. Concerning its casting counterpart,” the
morphology obtained in this work showed smaller and denser pores,
attributed to the physical crosslinking of the hydrogels due to the
repetitive F-T cycles.** These results suggest that the crosslinking
methods used play a significant role in the pore size and shape of the
membranes, as previously reported.’” This morphology is related to

the more KOH solution absorption capability of the hydrogels, with
the expanding of the pores in the matrix. The micrograph of the
CA40L sw membrane (Fig. 4blIl) exhibited granules all over the
matrix, due to the absorbed ionic salt solution. These granules
evidenced the KOH dispersion throughout the membrane, and the
complexation of the electrolyte components. In the case of the CMC-
CSL sw hydrogel (Fig. 4alll) the system showed some granules
present, but a more tubular morphology was obtained.

After the discharge test, EDX mapping was performed on the
hydrogels (Fig. 5), where the material composition expressed as
weight percentage was obtained (Table II). For both membranes,
some Zn deposition was evidenced, with higher metal residue in the
case of the CMC-CSL sw membrane, and the appearance of
dendrites (Fig. S1), that are originated by heterogeneous nucleation
and growth of the electrodeposited Zn during the discharge process.
These dendrites could cause perforations in the system, leading to
safety issues.'® Better uniform dispersion of potassium was observed
in the chemically crosslinked membrane.

Swelling behavior, volume changes and biodegradability.—To
know the KOH absorption in hydrogels, the swelling ratio and
volume changes of the hydrated membranes were obtained with
Eq. 1. The largest change was presented for the CA-free hydrogel
(1342 + 105 wt%, 63.61 = 0.07 vol%) (Table III). As the hydrogel
was prepared with more CA, a decrease in the SR was obtained. This
is in agreement with what is expected when a higher crosslinking
density is achieved,® with the same trend for the cast-dried
membranes. Nevertheless, the physically crosslinked hydrogels
absorbed at least 6 times its weight (CASOL sw membrane) with a
non-significant volume change (657 + 42 wt%, 16.69 + 1.30 vol%).
The volume change is a critical evaluation parameter since it affects
the design of the final battery prototype.

To study the changes in the liquid content of the hydrogels, the
weight percentage was recorded over time at room temperature.
Figure 6a displays these changes over 56 d. A period of weight gain
attributed to the hygroscopic nature of chitosan and CMC was
evidenced due to the absorption of moisture from the
environment.**** The hydrogels underwent a dehydration process
after 25 d, reaching a maximum weight percentage of 28.6% for the
CAS0L sw hydrogel. Moreover, the CASOL sw electrolyte was
folded (Fig. 6b) and released, preserving its initial shape without
breakage, as a demonstration of the flexible nature of the mem-
branes. The hydrogels biodegradability was analyzed by burying the
membranes in soil for 39 d (Figs. 6¢c-6e). During the study time, the
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Figure 4. SEM micrographs of the dried (a) CMC-CSL and (b) CA40L hydrogel. Micrograph of the (I) surface, (II) cross section and (III) swollen in 12 M
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Figure 5. SEM images and EDX maps of (a) CMC-CSL sw and (b) CA40L sw in the cathode-facing side after discharging the Zn-air battery.

Table II. Material composition expressed as percentage by weight of
the CMC-CSL sw and CA40L sw hydrogels in the cathode-facing
side after discharging the Zinc-air battery.

Material composition (Weight %)

Membrane

Carbon Oxygen Potassium Zinc
CMC-CSL sw 25.81 36.93 22.79 14.47
CA40L sw 26.35 32.52 38.08 3.06
Table ITII. Swelling behavior in mass percentage and vol hang

percentage of the synthesized membranes.

Electrolyte Swelling Ratio (%) Volume Change (%)
CMC-CSL sw 1342 + 105 63.61 + 0.07
CA30L sw 797 + 38 18.77 £ 5.17
CA40L sw 743 £ 13 16.90 + 4.56
CAS0L sw 657 + 42 16.69 + 1.30
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hydrogel started to degrade and became more malleable, and some
mildew arose. By the weight retention measurements as a function of
buried time (Fig. S2), the CASOL hydrogel lost 54.50% of its initial
weight during the first 30 d of testing. A final remanent of 22.73% of
weight was registered on day 39, where dirt got stuck on the
membrane, making it difficult to assure an appropriate measurement
after that. Moreover, the hydrogel’s flammability was proved
(Figs. 6e-6g), which demonstrates that when exposed to fire the
membrane only shrugged, without explosions. This behavior is
attributed to the non-flammable components employed for the
hydrogel’s fabrication.*' The results indicate that these electrolytes
are an option for developing green ZABs.

Thermal studies.—For the dry hydrogels, three degradation
stages were identified (Fig. 7a). The first region, from 40 °C to
240 °C, corresponds to the process of loss of internal water. The
weight of the hydrogel matrices only decreased by up to 15.1%
between 30°C and 200 °C. The second loss, up to 360 °C, is
attributed to the degradation of the polymeric matrix and char
formation. The considerable weight loss between 240 °C to 400 °C
was related to the partial degradation of CS, decarboxylation of
CMC, and decomposition of CA.** The last region represents the
complete decomposition of the organic components of the
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hydrogels, with a stable weight from ~550°C onwards, with
residues ranging from 34.4% for the CMC-CSL membrane to
31.6% for the CASOL hydrogel. The weight of the CA containing-
membranes only decreased by less than ~9% at 100 °C, which
suggests the thermal stability of the matrices over the range of
temperature applicability.

For the hydrated hydrogels, the first stage is related to the loss of
water incorporated by the absorption of the KOH solution (Fig. 7b).
From the DTGA curves (Fig. S3), it was evidenced that the
minimum peak shifted to 101.1°C for the most crosslinked
membrane CASOL sw, increasing the thermal stability and water
retention of the crosslinked biopolymeric membrane.** Nevertheless,
this shift is smaller than the one previously obtained for its casting-
dried counterpart.” The second region was found at 231.7 °C, 233.3 °
C, 235.9°C, 236.4 °C and 256.6 °C for the CA40L sw, CMC-CSL
sw, CA30L sw, and CAS0L sw, respectively, which corresponds to
the degradation of the polysaccharide structure of the membrane.**

In the casting-dried hydrogels, there was an extra region at
~537 °C that is absent in the TGA results presented. This step is
related to the modification of the chemical structure by the oxygen-
containing KOH molecule, which apparently does not occur in the
proposed membranes. The hydrated membranes presented a higher
residue percentage when compared to the dried membranes and were
stable from ~250 °C to the final test temperature, with the lowest
loss of 47.5% for the CA30L sw hydrogel.

The DSC results (Fig. S4a) showed the apparition of an
endothermic peak that increases in the range of 206 °C to 220 °C
with the increase in the CA content, attributable to the heat
absorption by thermal degradation of the polymers. Above 250 °C,
the last peak becomes exothermic for all hydrogels, and becomes
sharper as the CA content increases. The CA5S0L membrane showed
the most endothermic nature, pointing to an enhancement of thermal
stability, as a result of strong intermolecular interactions.*> Swollen
hydrogels (Fig. S4b) showed an increase in the intensity of the
endothermic curve at 110 °C, indicating the formation of stronger
internal bonds, implying that more heat is required to evaporate the
absorbed water molecules. An exothermic peak was displayed at
250 °C, which could be associated with the decomposition of CS and
of the amine unit.”’

Electrochemical characterization.—Ion-conducting polymer
electrolytes are characterized by the dissolving of salts in polar
polymer matrices, as KOH complexed the synthesized membranes.
In this context, the formed cations are expected to be responsible for
ionic conductivity. Several models have been discussed to explain
the conductive mechanism of these systems: Williams-Landel-Ferry
(WLF) equation, Arrhenius equation, Effective Medium Theory
(EMT), and Vogel-Tammann-Fulcher (VTF) equation.’® Among
them, Arrhenius’s theory was confirmed by analyzing the relation-
ship between the temperature and the ionic conductivity for all the
hydrated membranes (Fig. 8a). The resulting cation transport
mechanism is associated with the ions jumping to the nearest vacant
sites, as occurs in ionic crystals, which results in a thermally assisted
ionic conductivity mechanism.*” The electrolyte membranes main-
tained the Arrhenius behavior until 70 °C, as an upgrade in contrast
to the casting-dried membranes that lost it at 60 °C.° From the linear-
fit equation, the activation energy (E,) was calculated (Table 1V),
and an average of 0.12 eV was obtained, required by the ion so that it
gets to move from one site to another in the conduction process.*®

The ionic conductivity results have been analyzed in comparison
to the SR (Fig. 8b), and the obtained values confirmed that KOH
plays an imperative role in the system as it acts as the ionic species
donor, increasing the ionic conductivity of the system when more
KOH is present in the matrix. The highest ionic conductivity for the
CA crosslinked membranes was 0.39 S cm ™' for the CA40L sw
hydrogel. The obtained ionic conductivity values at 30 °C double the
values reported in our previous study for the casting-dried mem-
branes (0.19Scem '),” even much higher than related reported
works in the field, (less than 10°°S cm’l).‘w’5 ! The enhancement
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Figure 8. (a) Ionic conductivity of the CMC-CSL sw hydrogels at different
temperatures. (b) Comparison between the ionic conductive values and
swelling degree of the CMC-CSL sw hydrogels at different CA proportions.
(c) Cyclic voltammograms of the swollen hydrogels at ambient temperature.
Inset: 50 consecutive cycles of the CA30L sw hydrogels.

in the o can also be explained in terms of the pores and channels
generated by the physical crosslinking strategies since this obtained
morphology provides paths for the ions to move more easily in the
system.”” In alkaline systems, as the one proposed, it is known that
OH™ is the specie that contributes to the ionic transport in the
system. The pore sizes formed in the polymer matrix and the KOH
concentration are the factors reported to be dependent on the anion
transport.”*

The cyclic voltammetry (CV) technique was used to analyze the
electrochemical stability of the membranes, with a potential sweep
in the range +1.5 to —1.5 volts. Figure 8c compares the voltammo-
grams registered for the swollen hydrogels, where CA30L sw
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Table IV. Electrochemical properties and battery performance for the hydrated hydrogels.

Electrolyte E, (eV) o(S em™) AE, (V) Bulk resistance (€2) Specific capacitance (mAh g") Power density (mW cm’z)
CMC-CSL sw 0.12 0.40 091 1.6 3.8 58
CA30L sw 0.13 0.37 1.21 1.5 1111 60
CA40L sw 0.10 0.39 1.59 2.0 1436 65
CASOL sw 0.13 0.32 1.14 1.4 1899 117
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Figure 9. (a) Nyquist plot from PEIS studies (b) Polarization curves: discharge and power density profiles for the battery prototype and the synthesized

hydrogels; (c) discharge tests at selected current densities; (C); (d) discharge curves at 3 mA cm™.

hydrogel presented the highest peak currents, with intensities higher
than 450 mA cm™ obtained. The reference electrode was connected
in short-circuit to the counter electrode, with a large separation of the
peak potentials due to this configuration. The anodic peak (a;) is
related to the zinc oxidation to Zn>" cations in alkaline media, with
the formation of Zn(OH),,z’, while the cathodic peak corresponded
to the reduction process of this specie to solid Zn.”** The b’ inverse
peak in the cathodic branch has been previously reported to appear
in the cathodic sweep due to the Zn oxidation after the dissolution of
some of the passive film formed on the Zn’s electrode surface, with
the equivalent process in the anodic sweep for the peak b’.*® The
potential difference (AE;) was calculated to be in the range of
091V to 1.59V for the CMC-CSL sw and CA40L sw hydrogels,
respectively (Table IV). From the 50 consecutive cycles (inset
Fig. 8c), stability was evidenced by the peaks’ shape with a quasi-
reversible behavior. This tendency confirmed that the hydrogels are
capable of Zn dissolution into the membranes, an essential step for
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the ions’ mobility in battery applications, corroborating the applic-
ability of the synthesized hydrogels in energy devices.

Battery prototype testing.—For practical applications, the swollen
hydrogels were tested as electrolyte in a ZAB prototype. Figure 9a
exhibits the Nyquist plots, obtaining bulk resistances (Rb) values in the
range of 1.4 Q to 2.0 Q (inset), which suggests a good electrical contact
between electrodes across the synthesized membranes. Concerning the
polarization curves (Fig. 9b, it is possible to distinguish the superior
performance displayed by CASOL sw membrane, since it reached a
current and maximum power densites o 172mAcm™” and
117 mW cm™, respectively. This superior performance obtained for
the CASOL sw hydrogel could be explained by the higher chemical
crosslinking degree achieved, and subsequent more density of functional
groups in the structure of CASOL sw. The latter favors the intermole-
cular interactions with the liquid electrolyte, through the establishment
of hydrogen bonds. These interactions lead to a greater stability of the
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KOH solution in the polymer matrix, as discussed in the structural
characterization section. Hence, this phenomenon is directly related to
the higher ionic mass transport during the test process. Regarding the
discharge at different demanded current densities (Fig. 9¢), the CASOL
sw electrolyte required the lowest overpotentials to deliver the fixed
current, in addition to possessing an excellent recovery capability,
because no significative changes were observed during the inverse
process. Comparatively, the prototype with the CMC-CSL sw was only
capable of supplying values of less than 7 mA cm™. Finally, the specific
capacity test results are displayed in Fig. 9d, where the best result was
obtained for the CASOL sw hydrogel with a capacitance of 1899 mAh
¢, This value exceeded that reported for similar polymeric electrolyte
systems. Poosapati et al.*® obtained a maximum of 221.6 mAh g™! for a
gel-based polymer electrolyte composed of CS, polyvinyl alcohol
(PVA) and KOH. The battery fabricated with the CMC-CSL sw
hydrogel was not able to maintain performance during the discharge
process. This collapse is attributed to the rapid formation of dendrites in
this electrolyte (Fig. S1). It is suggested that these Zn dendrites were
responsible for the early loss of the electrical connection with the Zn
foil, leading to the early and severe loss of capacity of the prototype
battery fabricated with the CMC-CSL sw membrane. In contrast, the
CA-crosslinked membranes showed larger operation times, indicating
their potential applicability in ZAB devices.

Conclusions

The design of a chemically and physically crosslinked CMC-CS
hydrogel electrolyte doped with a 12 M KOH solution demonstrates
its applicability of use in ZABs. The reticulation process was
confirmed by ATR-FTIR, while the obtained XRD patterns pointed
to the crystallinity changes that show the complexes formation
between the K" cations and the polymer chains. SEM micrographs
showed the porous morphology of the hydrogels and the appropriate
complexation of the matrix with the doping salt. The hydrogel was
fabricated with the proper combination of chemical and physical
crosslinking techniques, resulting in a matrix with an enhanced ionic
conductivity of 0.39 S cm™. The physical crosslinking achieved by
the proposed freezing strategies is also enhancing the performance
during the discharge process, attributed to the pores and channels
generated, that contribute to the paths for the ions to be transported
more easily. Arrhenius conduction mechanism was demonstrated
from 0 °C to 70 °C. The high ionic transfer was confirmed by the CV
studies, where the highest intensity peak of 480 mA cm™ was
obtained. A maximum power density of 117 mW cm™ was achieved
with the ZAB prototype assembled, besides a specific capacitance of
1899 mA hg™. These results demonstrate the potential of biopo-
lymer hydrogels as electrolytes for green storage devices.
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Table S1. Hydrogel names used in this work for different biopolymer compositions.

Electrolyte Hydrogel Code
CMC90/CS30 CMC-CSL
CMC90/CS30/CA30 CA30L
CMC90/CS30/CA40 CA40L
CMC90/CS30/CAS0 CA50L
CMC90/CS30 ‘sw’ CMC-CSL sw
CMC90/CS30/CA30 ‘sw’ CA30L sw
CMC90/CS30/CA40 ‘sw’ CA40L sw
CMC90/CS30/CA50 ‘sw’ CAS50L sw

Figure S1. SEM image of the CMC-CSL sw in the cathode-facing side after discharging the Zinc-air battery.
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Fig. S2 Biodegradation results for the dried hydrogels in composted soil. Weight retention in the samples as a function of exposure
time.
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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, Alz03, Sn0O,) 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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e 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.

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™ 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* 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.

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™,

A maximum power density of 117 mW-cm was achieved with the zinc-air prototype
assembled, besides a specific capacity of 1899 mA-h g*. These results demonstrate the
potential of biopolymer hydrogels with appropriate synthesis approaches as promising

electrolytes for green storage devices.
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