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Abstract The widespread use of fossil-based energy sources has led to serious envi-
ronmental problems, including the greenhouse effect. There is currently an intense
search underway to find sustainable ways to generate and store energy and replace
fossil fuels. Researchers are actively developing alternatives that are based on natural,
biological structures or processes. This worldwide process effort is known as bioin-
spiration. In this context, quinone and flavin derivatives, which resemble the active
molecules in bioenergetic cycles, have been successfully applied in energy-storage
devices such as redox flow batteries. These compounds undergo fast reactions, are
composed of Earth-abundant elements, and are inexpensive; thus, they can accelerate
the advancement of reliable and green energy-storage technology. Furthermore, the
need for less invasive and more comfortable approaches to medical care has led to the
development of implantable, ingestible, and wearable electronic devices. However,
current power sources do not meet the safety and structural requirements of these
devices. Bioinspired materials, such as biopolymers, have been extensively explored
to produce flexible and smart hydrogels, which can replace liquid electrolytes, and
allow the construction of user-friendly, flexible batteries. Hence, recent advance-
ments related to the use of bioinspired materials in battery design and fabrication are
discussed in this chapter.

1 Introduction

There is currently an urgent need for novel energy-storage devices (ESDs) in a
diverse range of technologies. ESDs are required at every size scale, both large
and small. At the larger end of the scale, new approaches are needed to address
concerns with intermittent renewable energy sources that include solar and wind
power. Intermittency can lead to energy shortages that cause human and economic
losses [1, 2]. At the smaller end of the scale, the next wave of healthcare-related
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electronics will obtain physiological data in ways that are minimally invasive and
convenient to the user [3]. These aims cannot be achieved using the current rigid
power sources, which makes it imperative to develop wearable and flexible ESDs [4,
5]. Thus, researchers are devising strategies to overcome these challenges as well as
promote sustainable development on a global basis.

Over billions of years, nature has developed complex processes and hierar-
chical materials to address the needs of living organisms [6]. Bioenergetic trans-
formations reach their pinnacle in cellular respiration and photosynthesis pathways.
These complex pathways use organic molecules, including quinones and flavins, to
capture and store energy from the oxidation of small organic molecules and sunlight,
respectively [7-9]. Both of these magnificent processes provide a rich treasure-trove
for investigators in energy-storage-related fields seeking ideas and alternatives for
designing new technologies. At the structural level, nature has countless examples
of biopolymers, such as gelatin, chitin, and alginate, which are interesting alterna-
tives for the production of biocompatible, biodegradable, and cheap hydrogels [10].
These soft materials possess flexibility, can achieve high conductivity, and are less
prone to leakage, thus meeting the safety and structural requirements of the latest
electronic devices [4, 11]. This chapter will cover the recent bioinspired approaches
used in the energy-research field. The application of bioinspired molecules in redox
flow batteries is reviewed. Finally, the use of natural hydrogels to produce a new
generation of aqueous batteries is also discussed.

2 Redox Flow Battery

Redox flow batteries (RFBs) are electrochemical systems capable of converting elec-
trical energy into chemical energy that is stored in tanks outside the electrochemical
cell. The full assembly is composed of an electrochemical cell, storage tanks, and
pumps to circulate the electrolyte. Figure la shows the components of the elec-
trochemical cell, which include endplates, current collectors, graphite flow fields,
gaskets, electrodes, and a membrane. Cell function is initiated by pumping the elec-
trolyte from the storage tanks, which brings the active compounds into contact with
the electrodes surfaces, where the electrochemical reactions occur (Fig. 1b). The
gasket prevents electrolyte leakage and the membrane prevents electrolyte mixing
[12].

RFB systems may be classified according to the nature of the active compound,
solvent, and physical state of the electrodes. The active compounds employed can be
inorganic and organic, for example, in vanadium- and quinone-based RFBs, respec-
tively. The solvent used to carry the active compounds to the electrode surface is
either aqueous or non-aqueous, and both types of solvent can be applied in organic
and inorganic RFBs. The active compounds can be in one or two physical states:
dissolved in the electrolyte or loaded on the electrode surface. In a hybrid flow
battery (HFB), one of the compounds is on the electrode [13, 14]. Figures 1b, ¢ show
the two different approaches.
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Fig. 1 aIllustration of RFB hardware with cell stack components. b Schematic representation of a
redox flow battery. ¢ Schematic representation of a hybrid flow battery. A material is electrodeposited
on the electrode when charging the battery

RFBs have a flexible modular design, moderate maintenance costs, excellent scal-
ability, and a long life cycle [15], which makes them a promising solution for the
intermittency issues of natural energy sources, such as wind, solar, and tides. Vana-
dium RFBs (VRFBs) were the first to be explored commercially [ 16]. This technology
uses active vanadium compounds in highly acidic electrolytes (3—4 mol L' H,SO,)
that are present on both sides of the battery, with vanadium in all four redox states
[17]. Despite their high reversibility and stability, vanadium salts have a high cost,
are toxic, can precipitate at both high and low temperatures [18], and have reduced
solubility at high acid concentrations [19]. These drawbacks hinder the widespread
implementation of the VRFB technology.

Some alternatives to vanadium compounds have been extensively studied.
Aqueous organic RFBs (AORFBs) use soluble organic compounds that undergo
reversible electrochemical reactions. This type of battery has received much atten-
tion during the last two decades. Organic molecules are composed of Earth-abundant
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elements, may be safe to use, have a potentially low cost [20-23], and can be conve-
niently changed by inserting donor and withdrawn groups [24, 25]. Some examples
of organic/organometallic compounds that have been employed are quinone deriva-
tives [26-33], viologen radicals [34-38], nitroxide radicals (4-HO-TEMPO) [34,
38-40], flavin derivatives [41, 42], and ferrocene derivatives [36, 37]. Among these
compounds, quinones and flavins play a key role in biological energy-conversion
systems and are promising active compounds for AORFB production. The following
section discusses the latest advancements in quinone- and flavin-based AORFBs.

2.1 Quinone-Based Aqueous Organic Redox Flow Battery

Quinones are one of the most important and well-studied examples of organic redox
couples. They are widespread in nature and are part of the electron transport chain
involved in cellular respiration and photosynthesis, for example, ubiquinone and plas-
toquinone, respectively [7, 43]. Additionally, numerous applications for this type of
molecule have been found, including tinctures, and as oxidizing and reducing agents
in industrial and laboratory-scale chemical syntheses [43]. Quinones are classified
according to the number of aromatic rings (Fig. 2): benzoquinone with one ring, naph-
thoquinone with two rings, and anthraquinone and phenanthrenequinone with three
rings. The structural diversity of quinones allows for electrochemical adaptation,
enabling the construction of sustainable ESDs [44].

Quinone molecules have been employed in RFB development since 2009, when
Xu et al. [45] reported an HFB using a chloranil-carbon black composite as the
cathode and electrodeposited cadmium as the anode. About a year later, the same
research group reported an HFB using 1,2-benzoquinone-3,5-disulfonic acid (BQDS)
as the positive active compound and a lead plate as the negative active material [46].
These seminal works presented the possibility of building flow batteries using organic
molecules, both on the electrode surface and in solution, and created this new research
field. Currently, there is a large demand for highly soluble quinone derivatives that
can enhance the battery volumetric capacity and power density [47].

The stability of BQDS in acidic media has been extensively studied by Yang
et al. [27]. To this end, the authors developed an all-organic aqueous RFB using
BQDS as the cathode and anthraquinone-2-sulfonic acid (AQS) as the anode, with
both dissolved in 1 mol L~! H,SO, electrolyte. They found that due to the fact that
BQDS has sulfonic acid groups in its structure, there is stabilization by intramolecular
hydrogen bonding, because benzoquinone has a solubility of 0.1 mol L™}, while
BQDS, which has two sulfonic groups, has a solubility of 1.7 mol L~!. This cell
showed a capacity-retention rate of 90% at 10 mA cm~? for 12 cycles. In 2016, new
studies were conducted using BQDS and 9,10-anthraquinone-2,7-disulfonic acid
(AQDS) [48]. The authors employed the NMR technique and proved that BQDS
exhibits several chemical and electrochemical transformations during battery cycling
and undergoes a Michael reaction. This study demonstrates the necessity of AQDS
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concentrations that are three times higher than that of BQDS. This battery achieved
a coulombic efficiency (CE) of 100% over the course of 100 cycles.

Huskinson et al. [20] reported a high power-density battery that couples the AQDS
and Bro/HBr redox pair under acidic conditions. Cycling studies at 0.2 A cm~?2 at
50% state of charge (SOC) resulted in reproducible cycles with a current efficiency
close to 95%. At a current density of 0.5 A cm~2 and a cut-off voltage of 0 V and
1.5V, the discharge capacity retention was 99%. Furthermore, the polarization and
power curves for SOCs ranging from 10 to 90% display an increase in the open-circuit
voltage (OCV) and peak power densities from 0.69 V to 0.92 V, and 0.246 W cm 2
to 0.600 W cm™2, respectively.

Lin et al. [23] reported an adaptation to an alkaline battery, where bromine
was replaced with the non-toxic K4[Fe(CN)¢] complex, and anthraquinone was
functionalized with hydroxyl groups. This approach expanded the battery voltage.
The cell was assembled by coupling 2,6-dihydroxyanthraquinone (2,6-DHAQ) and

oo

o]

Fig. 2 Different types of quinones and their structures
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K4[Fe(CN)g] in the negative and positive chambers, respectively. The Pourbaix
diagram depicted that 2,6-DHAQ undergoes two-proton two-electron reaction until
it reaches pH 12. Above this pH, there is no potential changing since the reduc-
tion species were produced in their fully deprotonated form. The charged battery
showed an OCV of 1.2 V at 50% SOC and a peak galvanic power density exceeding
0.4 W cm~?2 in a power curve. Galvanostatic charge/discharge cycles were conducted
with a current density of 0.1 A cm~2 for 100 cycles, resulting in current and energy
efficiencies of 99% and 84%, respectively. In addition, the battery exhibited a capacity
fade of 0.1% per cycle over 100 cycles.

Because of the increasing interest in quinones for RFB applications, a theoret-
ical study covering approximately 50 anthraquinone derivatives was carried out
by Bachman et al. [25]. They performed density functional theory calculations to
determine electrochemical properties, including the substitution effect for electron
acceptor and withdrawing groups, redox windows, and free solvation energy. The
study showed that substitution by electron donor groups improves the anthraquinone
reduction window, with adequate oxidative stability; this is useful for designing new
active redox compounds.

Recently, Lee et al. [26] reported an alkaline RFB that uses a mixture of
naphthoquinones. The negolyte comprised of a mixture of a sodium salt of
1,2-naphthoquinone-4-sulfonic acid (NQ-S) and 2-hydroxy-1,4-naphthoquinone
(Lawsone). K3[Fe(CN)g], was used as the posolyte. This mixture of naphthoquinones
showed a higher solubility in KOH (1.26 mol L™! in 1 mol L~! KOH) than in indi-
vidual studies of 0.42 mol L~! and 0.83 mol L~! in 1 mol L~! KOH for Lawsone and
NQ-S, respectively. This increase is because NQ-S releases the hydrophilic sulfite
(-S03%7) group during the transformation, and it can form polar-polar interactions
with organic species and KOH electrolyte. This battery, with 0.6 mol L~! NQ-SO
(mixture of NQ-S and Lawsone) and 0.4 mol L~! K4[Fe(CN)s] has a voltage of
1.01 V, with a discharge capacity of 22 Ah L' at 70% SOC. When the NQ-SO
concentration was increased to 1.2 mol L™, the discharge capacity increased to 40.3
Ah L~ at 83% SOC.

Two new synthetic anthraquinones based on 9,10-dihydroanthracene were devel-
oped for use on the negative side of an RFB. 3,3’-(9,10-anthraquinone-diyl)bis(3-
methylbutanoic acid) (DPivOHAQ) and 4,4'-(9,10-anthraquinone-diyl)dibutanoic
acid (DBAQ) were each paired with K4[Fe(CN)g] at pH 12 [49]. DBAQ had a solu-
bility of 1 mol L', and DPivOHAQ had a solubility of 0.74 mol L~". The full cell
exhibited a capacity fade rate of 0.0084% per day with DBAQ, and 0.014% per day
with DPivOHAQ (Fig. 3a). Furthermore, when DPivOHAQ was exposed to air, and
the pH was increased to 14, the cell had a capacity fade rate of 0.0018% per day. This
equates to a record low-capacity fade rate of 0.66% per year (Fig. 3a). This change in
capacity fade rate with increasing pH was attributed to anthrone formation because
an increase in the hydroxide concentration can suppress the formation of anthrone,
beyond its exposure to air, and can convert back to anthraquinone. Figures 3b, ¢ show
the charge—discharge voltage curves with 0.5 mol L~! DPivOHAQ-K,[Fe(CN)e], and
indicate a steep profile followed by a short horizontal segment. It was possible to
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Fig. 3 Cycling performance of DPivOHAQ at pH 12 and 14. a CE and discharge capacity versus
time and cycle number for a full cell. After approximately 16 days of cycling, DPivOHAQ was
exposed to air and the pH of all electrolytes was adjusted to 14 before cycling for another 16 days. b
Charge—discharge voltage profile of DPivOHAQ from selected cycles at pH 12 in Fig. 3a. ¢ Charge—
discharge voltage profile of DPivOHAQ from selected cycles at pH 14 in Fig. 3a. Reprinted from
Chem, v.6, Wu, M. et al., Extremely Stable Anthraquinone Negolytes Synthesized from Common
Precursors, p. 1432-1442, Copyright (2021), with permission from Elsevier

conclude that the electrolyte has approximately 4.5% inactive material, because the
horizontal segment ends at 95.5% of the theoretical capacity.

In situ electrosynthesis was conducted by oxidizing a water-soluble anthracene
in anthraquinone without the use of oxidants or catalysts, producing the anolyte
DPivOHAQ and Kj;[Fe(CN)g] as a catholyte [50]. This is a promising approach
because it does not use hazardous materials or require further product purification,
which lowers the cost and environmental impact. A charge—discharge test for a single
cycle resulted in an OCV equal to 1.0 V, and a capacity of 84 C. Then, 2271 cycles
were performed over 33.2 days, with a fade rate of 0.014% per day and CE of
99.53%. The low fade rate was due to the chemical stability of the molecular structure.
Therefore, the two branched methyl groups on the anthraquinone core increased the
stability of the solubilizing chain. Furthermore, there is a C—C covalent bonding
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between the anthraquinone core and the functionalizing chains that is more robust at
a high pH and elevated temperature.

The influence of the structure of carbon-based electrodes on the electrochemical
kinetics of quinones was studied by Sedenho et al. [51]. Glassy carbon (GC), highly
ordered pyrolytic graphite (HOPG), and high-edge-density graphite (HEDGE) were
chosen as electrode materials because of the different degrees of defects in their
structures. Among the three materials, HEDGE presented the highest degree of
edge defects, followed by GC, which presented fewer defects, and HOPG, which
had almost no defects. Furthermore, the authors employed four quinone derivatives,
namely frog quinone (FQ), crab quinone (CQ), BQDS, and Alizarin Red S (ARS),
which can be used as a cathode, or in symmetric batteries.

Figure 4 shows the electrochemical behavior of the four quinones studied. All
quinones displayed reversible cyclic voltammograms (CV) using the HEDGE elec-
trode, which does not occur with the HOPG and GC electrodes. Furthermore, the
CV for HEDGE suggests an electrochemical process that was controlled by adsorbed
species on the electrode surface. For instance, the CV of CQ using the HOPG elec-
trode shows a broad oxidation peak and a major reduction peak, with a peak sepa-
ration (AEp) of 570 mV, which means there is a quasi-reversible reaction. With the
GC electrode, the CV for CQ shows a broad oxidation and reduction peak, with a
smaller AE, (330 mV). Conversely, the CV of CQ on the HEDGE electrode has
well-defined oxidation and reduction peaks, with an AE, of 30 mV, which indicates
a reversible reaction controlled by adsorbed species on the electrode surface. Addi-
tionally, the CV for ARS shows remarkable differences. GC and HOPG electrodes
exhibit similar electrochemical behavior, with a quasi-reversible redox pair at lower
potential (approximately —0.20 V) attributed to the 9,10-quinone moiety. Also, the
reactions of the 3,4-dihydroxyl groups occur only during the oxidation wave and
are considered irreversible. In contrast, the CV of ARS using the HEDGE electrode
suggests reversible electrochemical processes at both low and high potentials, with
AE, values of 21 and 11 mV, respectively. These results demonstrate the effects of
the electrode structure on the electrochemical behavior of the quinones [51].

To understand the electrochemical behavior of HEDGE, its structure was evalu-
ated using spectroscopic measurements and theoretical calculation. Raman measure-
ments showed that HEDGE presents a highly-defective structure, because the Ip/l
ratio of this electrode was 0.45, which is much higher than the I/ ; ratio for HOPG
(0.09). Additionally, X-ray photoelectron spectroscopy indicated the presence of
oxygenated groups on the HEDGE surface in the form of hydroxyl, ether, and
carbonyl functional groups. This structure was further simulated through molecular
dynamics, and the role of the defects in the quinone-electrode surface interaction was
evaluated. The results show that quinone molecules interact with HEDGE via van der
Waals forces (Fig. 5), mainly between the carbon atoms of the carbonyl moieties and
the heteroatoms present in the chemical structures of the quinones, such as nitrogen
(FQ and CQ) and sulfur (ARS and BQDS). Therefore, the authors concluded that
the highly-defective structure of HEDGE and the functional groups present on its
surface stabilize the quinone derivatives, which favors their electrochemical kinetics
[51].
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Fig. 4 Cyclic voltammograms for a CQ, b BQDS, ¢ FQ, and d ARS at acid media using GC,
HOPG, and HEDGE electrodes. Reprinted (adapted) with permission from Ref. [51]. Copyright
2021 American Chemical Society

2.2 Flavin-Based Redox Flow Battery

Another interesting class of organic molecules used in bioinspired batteries is flavins
(Fig. 6), which act as a cofactor in several enzyme-catalyzed biological reactions
[9, 52]. Flavins are heterocyclic compounds that can undergo a redox reaction by
transferring one or two electrons and reacting with oxygen, which includes the forma-
tion of adducts [53, 54]. Riboflavin, which is composed of an isoalloxazine unit, is
vitamin B, [52]. Furthermore, in addition to the basic structure of riboflavin, flavin
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Fig. 5 Molecular dynamics simulations of the quinone-HEDGE interaction for a FQ, b CQ, ¢
BQDS, and d ARS. The gray, yellow, red, and blue spheres denote carbon, hydrogen, sulfur, and
oxygen atoms, respectively. Reprinted (adapted) with permission from Ref [51]. Copyright 2021
American Chemical Society
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Fig. 6 Chemical structure of flavin

mononucleotide (FMN) and flavin adenine dinucleotide are also formed by the planar
isoalloxazine ring [42]. This type of organic compound is versatile because of the
various redox states that the flavin ring can adopt [52], and it can be dissolved in
water, fat, blood, as well as in biological systems [42]; thus, flavins are promising
materials for bioinspired-RFB development.

Oritaetal. [42] developed a bioinspired aqueous RFB using flavin mononucleotide
sodium salt (FMN-Na) as the negative electrolyte and K4[Fe(CN)g] as the positive
electrolyte. Although FMN-Na has the highest hydro solubility compared to other
flavins, nicotinamide was used as a hydrotropic agent in its electrolyte to further
increase its solubility. This high solubility is due to FMN-Na having a higher polarity
in alkaline solutions than in acidic or neutral solutions. The polarity is caused by the
large negative charge (FMN3"), resulting in the most stable solvated state by water.
The half-cell study showed that FMN-Na responds better in alkaline media, since
the CV displayed higher current densities and lower peak separations.
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The electrochemistry of the battery was tested at both low and high concentra-
tions. First, the RFB was assembled using 0.06 mol L~! FMN-Na and 0.1 mol L~!
K4[Fe(CN)g] in 1 mol L~! KOH, which gives a theoretical capacity of 1.34 Ah L™!.
The charge—discharge curves were obtained in galvanostatic mode using current
densities of 5, 10, and 20 mA cm™2. Figure 7a shows the obtained results. The initial
discharge capacity at 10 mA cm~2 was 1.31 Ah L™!, which is close to the theo-
retical value. Figure 7b shows the Ist, 100th, and 200th cycles of the galvanostatic
charge—discharge measurement at 10 mA cm~2. Over 200 cycles, stable discharge
capacities and an increase in CE were observed (Fig. 7c). However, there are two
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Fig. 7 Electrochemical performance of an RFB assembled with 0.1 mol L~! K4[Fe(CN)¢] and
0.06 mol L~! FMN-Na in 1 mol L~! KOH. a Charge—discharge curves at 5, 10, and 20 mA cm~2,
b Charge—discharge at Ist, 100th, and 200th cycles at 10 mA cm~2. ¢ Discharge capacity and
coulombic, voltaic, and energetic efficiencies for the assembled K4[Fe(CN)s]/FMN-Na RFB at
10 mA cm~2. Reproduced with permission from Ref. [42] with the copyright of Springer Nature
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plateaus, at 1.15 and 1.50 V, in the load curve, which suggests a reduction of the
FMN-Na monomer and dimer.

Then, the concentration of the electrolytes was increased, and a new RFB was
studied, using 0.4 mol L~! K4[Fe(CN)s] in 1 mol L=! KOH and 0.24 mol L~!
FMN-Na and 1 mol L™! nicotinamide in 1 mol L~! KOH. The charge—discharge
profile (Fig. 8a) was analyzed at current densities of 10-80 mA cm~2. The two
charge plateaus previously observed were only seen at 10 and 25 mA cm~2. Thus,
lower charge capacities were observed at higher current densities. The initial capacity
obtained at 25 mA cm~2 was 5.03 Ah L~!, which is close to the theoretical value for
the RFB (5.36 Ah L™"). Charge—discharge curves, cycling discharge capacities, and
efficiencies were obtained over 200 cycles, lasting 76 h at current densities of 50 and
80 mA cm~2 (Fig. 8b, c). Figure 8c shows that 99% of the discharge capacity was
retained after 100 cycles, and the CE was greater than 99% at 80 mA cm~2. Figure 8d
shows the power curve, indicating a peak power density equal to 0.16 W cm™~2 at 0.3
A cm™2, which is greater than that of the VRFB (0.12 W cm™2 at 0.15 A cm™?).

Orita et al. [42] proposed that resonance structures in the reduced state allow for
stable redox cycle performance. They also project new studies with other positive
electrolytes that have even greater solubility in water. They concluded that FMN-Na
is a promising active material for RFBs, in part because it is highly abundant, and
not harmful to the environment.

Another study using flavin derivatives was published by Lin et al. [41]. It reported
alloxazine-based, meaning a tautomer of the isoalloxazine structure of vitamin B,
active material on the negative side and a mixture of K4[Fe(CN)g1/K3[Fe(CN)g] on
the positive side. However, because alloxazine has low solubility, the alloxazine core
was functionalized with an alkaline-soluble carboxylic acid group by reacting o-
phenylenediamine-4-carboxylic acid with alloxan to produce an isomeric mixture of
alloxazine 7/8-carboxylic acid (ACA). Then, an aqueous RFB was assembled using
0.5 mol L~! ACA as a negative electrolyte and 0.4 mol L~! K4[Fe(CN)g] 4+ 40 mmol
L~! K3[Fe(CN)g] as a positive electrolyte; both electrolytes were adjusted to pH 14
in KOH. This cell had an OCV of 1.2 V. Looking at the polarization curve, it is
possible to observe a peak power density of 0.35 W cm™? at a current density of 0.58
Acm™2. Additionally, after 400 cycles, a current efficiency of 99.7% at 0.1 A cm™2
was achieved; however, the energy efficiency is only 63% (presumably due to an
increase in system resistance), while the capacity-retention rate is greater than 91%.
Therefore, considering new systems, they simulated, through theoretical modeling,
two other molecules, also derived from alloxazine, which indicates an additional
increase of almost 10% in the battery voltage. Thus, these bioinspired molecules
offer a promising avenue for the development of AORFBs.
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Fig. 8 Electrochemical performance of an RFB assembled with 0.4 mol L~! K4[Fe(CN)g and
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25, 50, and 80 mA cm~2. b Charge—discharge curves at Ist and 100th cycles at 50 mA cm~2,
and 110th and 200th cycles at 80 mA cm™2. ¢ Discharge capacity and coulombic, voltaic, and
energetic efficiencies over 200 cycles. d Cell voltage vs current density vs power density for a high
concentration of K4[Fe(CN)g] / FMN-Na RFB. Reproduced with permission from Ref. [42] with

the copyright of SpringerNature
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3 Bioinspired Electrolytes: Using Biopolymers to Produce
Greener and Safer Electrolytes

Wearable, ingestible, and implantable devices are currently at the cutting-edge of
research and are applicable to many areas of technology, including healthcare [5,
55]. Although these technologies present many advantages, there is a lack of reliable
and safe energy-storage components that meet the requirements of these devices
[5]. Lithium-based batteries and silver-silver oxide are currently most often used
as power sources in these devices, but they present concerns that include gastric
juice pH enhancement [55, 56], toxic electrolyte leakage [57], and skin burning [58].
Thus, the development of reliable and safe batteries is an important step in the further
development of these technologies.

Hydrogels are defined as 3D cross-linked networks capable of absorbing water
without dissolving, and exhibit viscoelastic rheological behavior [59, 60]. Figure 9a
depicts the basic structure of a hydrogel, where the blue chains represent the polymer
chains, and the red dashed lines represent the cross-linking interactions between
them. These materials possess unique characteristics, such as high water content and
mechanical stability, and can achieve high conductivities, which makes them appro-
priate materials for the next generation of aqueous batteries [61]. Furthermore, the use
of semi-solid electrolytes allows manufacturing power sources with different shapes,
which is an essential requirement for emerging technologies, but is not feasible for
current rigid batteries [5, 62].

s

Copolymeric &5 :{hc)

-~

..

Multipolymeric

Fig. 9 Illustration of hydrogel microstructure and some of its classifications. a Basic microstructure
of a hydrogel. b and c classification according to the origin of the polymer (or monomer) and the
number of polymers used in the hydrogel synthesis, respectively. d Classification according to the
interaction of different polymer matrixes
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There are many ways to classify hydrogels according to their structure, polymer
origin, and function [60, 61, 63, 64]. As to the origin of the polymers (or monomers)
applied in the synthesis procedure, hydrogels can be natural-derived, synthetic, or
hybrid, when a combination of natural and synthetic is used (Fig. 9b) [61, 63]. Exam-
ples of natural, synthetic, and hybrid hydrogels include gelatin [65], polyacrylic
acid (PAA) [66], and carboxymethyl cellulose with polyethylene oxide networks
[67]. Homopolymeric hydrogels are produced using only one polymer, copolymeric
uses two different polymers, and multipolymeric uses three or more polymers, as
shown in Fig. 9¢ [64]. Copolymeric hydrogels can be further classified into semi-
interpenetrating (semi-IPN) and interpenetrating (IPN) networks. Semi-IPN occurs
when some linear single chains of one polymer penetrate the porous structure of the
cross-linked polymer. In contrast, IPN uses two polymeric cross-linked networks of
different polymers that interact with each other by physical means [61, 63]. Figure 9d
presents a sketch of the IPN and semi-IPN hydrogels. Both IPN and semi-IPN hydro-
gels have been employed as electrolytes in ESDs development [68, 69]. In terms of
the charge content of the polymer backbone or pendant groups, hydrogels are clas-
sified as neutral, anionic, cationic, or ampholytic, when both cationic and anionic
charges are present [61, 63, 64]. Finally, these materials can be classified according
to their multifunctional properties, such as self-healing [70] and ionic conductivity
[71].

The 3D hierarchical structure of hydrogels is built by physical or chemical means
[72]. Physical hydrogels use physical interactions, such as electrostatic interactions
[73], hydrogen bonding [73, 74], n—mn stacking [75], and hydrophobic interactions
[74] as the driving force to achieve the gel state. Chemical hydrogels are synthesized
by covalently bonding the polymer chains, which can be achieved by free-radical
polymerization [76], the addition of a cross-linker agent [77], condensation reactions
between organic functions [78], and click chemistry [79, 80]. Since covalent bonds
are stronger than physical interactions, these hydrogels have improved mechanical
properties [64]. However, the use of some cross-linkers [81, 82] enhances hydrogel
toxicity, which is a concern in applications where biocompatibility is mandatory.

The next step in energy-storage technology is to develop new technologies
thinking in the entire production chain, that is, from device manufacturing through
to disposal or recycling [83]. Natural polymers are extracted from natural sources
(e.g., alginate, chitosan, and agarose) and have key characteristics such as renewa-
bility, biocompatibility, biodegradability, and low cost [10]. Moreover, their aqueous
solubility and wide range of organic functions make these polymers suitable for
the construction of natural hydrogels which are also biocompatible and biodegrad-
able [10, 59]. These characteristics make natural hydrogels appropriate materials for
the next generation of ESDs, with a view to meeting the requirements of incipient
technologies and addressing current environmental issues. The next section reviews
recent advances in the application of natural-based hydrogels for the development
of reliable and safe batteries.
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3.1 Batteries Employing Natural-Based Hydrogels
as Electrolyte

Researchers around the world have been searching for alternative materials to manu-
facture ESDs that meet the safety and flexibility requirements of wearable, ingestible,
and implantable devices [4, 5, 84]. Since hydrogels possess high water content [85],
and can achieve high ionic conductivities [86, 87], they can replace liquid aqueous
electrolytes, which make the battery safer [88] and allow it to be produced in different
shapes [65, 70], including flexible ones [11].

Crespilho et al. [89] obtained insights into the RFB research field and used previ-
ously reported molecules [36] incorporated in an easily synthesized agarose-based
hydrogel to produce an organic/organometallic bioinspired secondary microbat-
tery (MB). To produce the hydrogel electrolytes, bis(3-trimethylammonio) propyl
viologen (BTMAP-Vi) and bis((3-thimethylammonio)propyl) ferrocene (BTMAP-
Fc) were incorporated in 1.5% (w/w) agarose in 1 mol L~! KCI solution and heated to
90 °C, after which the hot solutions were dripped onto flexible carbon fiber electrode
surfaces. Gelation then occurred at room temperature [89].

The MB was assembled by placing a piece of previously hydrated Selemion®
DSV membrane on the hydrogel/electrode surface, the union of cathodic and anodic
chambers, and sealing with silicone resin. Figure 10a shows the assembled MB. To
evaluate the maximum capacity of the MB, it was potentiostically charged at 1.10 V
until reaching an SOC of 92%, and then discharged at 0.30 V. The total discharged
capacity was calculated as 0.79 mAh (Fig. 10b). At an SOC of 20%, the MB could
supply 20 A cm~2 for 100 h, which demonstrates a volumetric capacity of 0.021
mAhcm™2 wm™'. Figure 10c shows the results of the galvanostatic charge—discharge
cycling at 40 mA cm~2. The charging and discharging capacities showed almost no
change over 100 cycles, giving a CE ranging from 94 to 97%. In addition to its elec-
trochemical characteristics, the MB exhibited attractive toxicological and structural
characteristics. It is non-flammable, since it uses water as the solvent, and possesses
low toxicity, because the quantities of BTMAP-Vi and BTMAP-Fc employed are
low to cause harmful effects [89]. Thus, the electrochemical, structural, and toxico-
logical characteristics make this battery suitable for low-power consumption medical
devices, such as ingestible pills [90].

Chitosan (CS) and polyvinyl alcohol (PVA), both biodegradable polymers, were
employed in the synthesis of an alkaline electrolyte for application in a zinc-
electrolytic manganese dioxide (Zn-EMD) battery. First, CS and PVA solutions were
mixed in a 1:0.2 wt% ratio (CP solution) and poured into a silicone mold. Next, the
CP solution was dried at 37 °C for 1200 min. Finally, the dried hydrogels were soaked
in KOH solutions at different concentrations and at different times. The best proper-
ties were achieved by the hydrogel soaked in 5 M KOH solution for 45 min, known
as {5}CP (Fig. 10d), which achieved the highest swelling ratio, highest conductivity
(457.19 mS cm™"), and a lower degree of crystallinity. This hydrogel was then used
as a gel polymer electrolyte in a Zn-EMD battery [91].
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Fig. 10 Semi-solid batteries produced with polysaccharides. a Photograph, b potentiostatic charge—
discharge curves at 1.10 (red) and 0.30 V (black), and ¢ Charge and discharge capacities and CE
over 100 cycles at 40 mA cm~2 for microbattery built up with BTMAP-Fc and BTMAP-Vi. d
Photograph of CP samples, e photograph of Zn-EMD flexible battery, and f galvanostatic discharge
for the Zn-EMD battery under two bent conditions. Reproduced from Ref. [89] with permission
from Royal Society of Chemistry, Reprinted (adapted) with permission from Ref. [91]. Copyright
2021 American Chemical Society

Figure 10e shows the produced Zn-EMD battery. Pre-treated flexible carbon cloths
(CC) were used as current collectors in both cathode and anode. The battery was
assembled using a metallic zinc foil as the anode, CC coated with EMD ink as the
cathode (load of ~1.4 mg cm™2), and {5}CP as both electrolyte and separator. In
order to achieve better cathode-electrolyte contact, {5} CP was previously dipped in
CP solution until becoming gooey and then placed on the cathode surface [91]. The
Zn-EMD battery was further characterized by galvanostatic charge—discharge at 0.1
A g‘1 at two different potential windows, that is, 0.4—1.2 V (low potential) and 0.4—
1.6 V (high potential), chosen according to the cathode degradation potential. The
low and high potential windows presented a specific capacity of 310 and 287 mAh
¢! after the first cycle and capacity retention of 74% and 17.4% after 50 cycles,
respectively. These results are attributed to EMD’s irreversible phase transition to 8-
MnO,, which leads to an enhancement of the battery impedance and prevents charge
transfer between the electrode and electrolyte. Furthermore, energy dispersive x-
ray analysis shows a higher content of ZnMn,Oy, complexes after further cycling
at the higher voltage window, which also contributes to the inferior performance
of the battery cycled at this potential window. The Zn-EMD battery was further
galvanostatic cycled at 0.5 A g~! and showed an average specific capacity of 175
mAh g~! over 300 cycles with a CE of 96.5%. However, at this current density, the
battery presented a steady decrease in capacity during the first 15 cycles. Finally,
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to demonstrate the battery’s flexibility, it was electrochemically characterized in
two bent conformations and there was almost no change in the electrochemical
performance, as shown in Fig. 10f [91].

Similarly, an alginate-based glycerol-plasticized hydrogel was developed and
applied to zinc-iodide (Zn-I,) batteries [71]. First, 0.75 g of glycerol was added
to 50 mL of 30 mg mL~! sodium alginate solution, with further stirring for 1 h. The
resulting solution was cast on the cathode surface, degassed, and dried at 60 °C for
12 h. Finally, it was soaked in 1 mol L™! zinc sulfate or acetate solution for 4 h.
Figure 11a shows photographs of the alginate-based hydrogel. It could be bent or
twisted without damage and even bear a weight of 200 g, which demonstrates its
mechanical robustness and flexibility. The linear sweep voltammograms and elec-
trochemical impedance spectroscopy measurements showed an operational voltage
window of ~2.60 V and conductivity of 32.8 mS cm~!, respectively. Finally, the
hydrogel was capable of preventing zinc corrosion and I, shuttling, two mechanisms
of Zn-I, battery failure; this affords a longer life for the novel batteries [71].

The semi-solid Zn-I, battery was assembled in a CR2025 shape with a zinc foil as
the anode, the alginate-based hydrogel as the electrolyte, and a graphite paper coated
with I, @ AC composite as the cathode. Galvanostatic charge—discharge at 0.2 A g~!
measurements with the Zn(Ac),-soaked alginate hydrogel showed a specific capacity,
capacity retention, and CE of 183.4 mAh g~! (Fig. 11b), 97.6%, and 99.3% over 200
cycles, respectively. For comparison, the authors also reported a Zn-I, battery with
fiberglass soaked in ZnSO;, as the separator. This battery exhibited a significantly
inferior electrochemical performance (blue line in Fig. 9b). The galvanostatic charge—
discharge assay at 1 A g~! (Fig. 11c) shows capacity retention and CE of 66.8 and
99.5%, respectively, which demonstrates the long life of the battery and the shielding
effects of the hydrogel over the zinc anode. Finally, a flexible pouch battery was
assembled using this approach. This battery shows an OCV of 1.25 V, capacity of
3.0-3.5 mAh, and worked properly even in bent conformations [71].

Self-healing hydrogels can repair themselves after damage and have been
suggested as an alternative to enhance the lifespan of batteries. In this context, a
copolymeric hydrogel based on alginate and PAA was synthesized and applied as
an electrolyte to build an aqueous lithium-ion yarn battery (ALIYB). To synthesize
the hydrogel, PANa-Ca-SA, a solution of acrylic acid and bistrimethanesulfonimide
lithium salt was neutralized with NaOH in an ice bath. Then, alginate, calcium
chloride, and ammonium persulfate were dissolved in the solution and the resulting
solution was kept at 40 °C for 30 h to allow polymerization. Calcium ions play a
key role in this hydrogel as they electrostatically interact with PAA and alginate
polymers and act as cross-linkers of the two polymeric networks. In addition, the
electrostatic interaction between calcium ions and the polymers explains the remark-
able self-healing property of the hydrogel, because it can easily be broken and healed
(Fig. 11d). The authors investigated the influence of the cutting/self-healing cycles on
the electrical and mechanical properties of the hydrogel. The results showed a small
decrease in the PANa-Ca-SA conductivity, which was 88% of its initial value after
the eighth cutting/self-healing cycle. In contrast, the mechanical properties showed
a pronounced change. The original hydrogel could be stretched at 350% strain and
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235 kPa tensile strength, while for the eight-cut hydrogel these values were reduced
to 48% and 45 kPa [70].

The ALIYB was assembled using PANa-Ca-SA as the electrolyte and LiMn,O4
and LiV3;0g coated yarns as the anode and cathode, respectively. The galvanostatic
charge—discharge data at 0.5 A g~! (Fig. 11e) show capacity retention and CE of
70% and nearly 100% after 5000 cycles, respectively. This behavior is much better
than that of water and PVA-hydrogel-based lithium-ion batteries and is attributed to
the self-healing capacity of the hydrogel, which prevents damage to the surfaces of
the electrodes caused by the insertion and extraction of lithium ions. Furthermore,
the ALTYB showed a healing efficiency of 68% and almost no change in its electro-
chemical performance after eight cutting/self-healing cycles. Figure 11f shows the
application of four parallel coupled batteries to power a light strip and evidence the
self-healing behavior of the battery, because the device turns off when the battery
breaks and shines again after the battery has healed [70].

4 Final Considerations

Electrochemical ESDs are indispensable for the ongoing sustainable development
of humankind because they are highly efficient and address the current environ-
mental concerns. Moreover, nature-developed pathways and materials have inspired
researchers to confront the global problems that arise from the high consumption
of non-renewable energy sources. In the energy-research field, organic-based RFBs
that use quinones and flavins; and flexible batteries that use natural-based gel elec-
trolytes, are key examples of this integration. However, both technologies are in
their infancy and their advancement will require a multidisciplinary effort in areas
such as materials science, chemical synthesis and electrosynthesis, electrochemistry,
polymer science, soft materials, quantum chemistry, and engineering, among others.
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