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Abstract

The application of innovative batteries is considered a plausible option to overcome the need to store energy. Current inves-
tigations focus on improving electrolytes in solid or gel states. Biopolymers are an excellent choice for gel electrolytes. In
addition, polymer blends offer a high amorphous system compared to a single polymer improving its properties. In the present
work, gel polymeric electrolytes (GPEs) were synthesized based on chitosan and starch. Chitosan and starch are compatible,
and they served as a polymer host due to their high structural strength and low crystallinity degree. Moreover, epichlorohy-
drin was employed as a chemical crosslinker to create a reasonable degree of swelling of 12 M KOH solution. Hydrogels
of different compositions were structurally and electrochemically characterized by ATR-Fourier Infrared Spectroscopy
(ATR-FTIR), X-Ray Diffraction (XRD), Thermogravimetric Analysis (TGA), Scanning Electron Microscopy (SEM) and
Cyclic Voltammetry (CV). The electrolyte film with the highest conductivity values was CS:A 3:3 embedded in 12 M KOH
solution, which reached a conductivity of 0.027 S-cm™! at room temperature. Structural characterization of chitosan-starch
membranes showed an enhanced thermal stability and decrease in crystallinity degree due to the reticulation and absorp-
tion of KOH. The cyclic voltammetry study showed a quasi-reversible behavior of the GPEs during the redox processes.
Finally, GPEs were tested in Zn-air batteries, with a maximum power density of 8.82 mW-cm™~2 for CS:A 3:3 Sw at 25 °C.
The present study suggests that chitosan-starch GPEs can be good candidates to support the sustainable energy transition.
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Introduction

Polymer electrolytes (PEs) are membranes that allow ion
transport from the anode to the cathode and prevent elec-
tron flow between them. PEs are considered a possible ioni-
cally active material since the discovery of poly(ethylene
oxide) (PEO) complexes doped with alkali metal ions by
Fenton and Parker [1]. Furthermore, its possible application
in energy devices was proposed by Armand [2]. PEs have
attracted attention as a safer choice than liquid electrolytes
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[3]. The main disadvantage is the low ionic conductivities
at room temperature [4, 5]. An option to solve this drawback
is the use of gel polymer electrolytes (GPEs). They may
be neither liquid nor solid, which confers the advantages
of the ion diffusive properties of liquids and the cohesive
behavior of solids [6]. GPEs can be applied in energy stor-
age devices such as metal-air batteries. Nevertheless, they
must fulfill high ionic conductivities, good mechanical and
electrochemical properties at a wide temperature range [7].

Metal-air batteries are considered an efficient alternative
to replace fossil fuels and for net zero emissions as the next
generation of electrochemical energy storage, essentially due
to the high theoretical energy densities and free air source
for the cathode [8]. Among several metals, special atten-
tion has been given to Zn because it is less reactive than
Li; additionally, Zn is the fourth most abundant element in
the earth’s crust (300 times more than Li), which translates
into cost reduction [9]. Zinc-air batteries (ZABs) convert
chemical energy into electrical energy and vice versa during
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charge and discharge processes. ZAB has been widely used
because it exhibits high energy density, high availability and
low pollution compared to lead acid batteries, redox flow
cell, sodium/sulphur batteries, and lithium-ion batteries.
That is why ZAB is currently one of the most promising
candidates for energy storage [10, 11]. Although ZAB has a
lower theoretical specific energy than Li-air batteries (~1350
Wh kg™ 1), they are four times higher than Li-ion batteries
[9]. Finally, ZAB uses aqueous electrolytes, because of its
low cost which and higher conductivity values [7].

Hydrogels are quite hydrophilic polymer networks, either
synthetic or natural, usually stabilized by covalent bonds or
non-covalent interactions between the chain of macromol-
ecules, known as cross-linking. Several biopolymers such as
starch, chitosan, collagen, and cellulose have been described
as suitable biomaterials for the development of hydrogels
(GPEs) with potential application for energy storage. Espe-
cially starch (A) and its derivatives have attracted the interest
of many scientists for the development of industrial applica-
tions because of their cost-effectiveness, renewable nature,
abundance in nature, and biodegradability [12]. However,
their limitations include poor stability and mechanical prop-
erties, high hydrophilicity, and fragility. These drawbacks
need to be reduced to enhance the quality of these materi-
als. Chitosan (CS) is a cationic biodegradable biopolymer
obtained from chitin of crustaceans after deacetylation with
an alkaline treatment [13]. The presence of hydroxyl and
amino groups in its molecular structure provide higher
hydrophilicity in the cells, resulting in benefits to the GPEs
operation. Due to its biocompatibility, biodegradability,
nontoxicity, and absorption behavior, chitosan is a valuable
suitable functional material for polymer electrolyte applica-
tions [14]. Moreover, chitosan can preserve its chemical and
thermal stability until ~200 °C with adequate mechanical
strength [15]. Based on the advantages of starch and chi-
tosan, it is expected that a blend of both polymers would
be able to form a biodegradable film with better mechani-
cal properties and lower water permeability [16]. Various
reagents such as glutaraldehyde, boric acid, epichlorohy-
drin, and glyoxal, have been implemented to modify these
biomaterials by chemical crosslinking [17]. Specifically,
epichlorohydrin (ECH) has been employed as a crosslinker
which leads to the formation of glycidylether linkage within
CS and A to improve the thermal and structural properties
of the hydrogels.

KOH solution has been used as an ion source to enhance
the ionic conductivity of the electrolyte. Iles et al. [7]
reported an ionic conductivity of 0.019 S-cm™' using a GPE
synthetized applying the solution casting technique based
on vinyl acetate, butyl acrylate, and vinyl neodecanoate in
form of a terpolymer (VAVTD), polyvinyl alcohol (PVA)
and KOH 12 M solution [7].
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The present study reports the synthesis of GPEs based on
chitosan and avocado starch crosslinked with ECH using a
solution casting method. The effect of different ratios of avo-
cado seed starch on the functional properties of the hydro-
gels have been studied in dried form and when swelled in
12 M KOH solution. Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy, X-Ray Diffraction, and
Thermogravimetric Analysis were used to study the effect
of ECH on the crosslinking of the biopolymers. In addition,
by means of Potential Electrochemical Impedance Spectros-
copy and Cyclic Voltammetry the electrochemical properties
of the synthesized membranes were evaluated. The obtained
results with these techniques indicated that the synthesized
material is a promising material for application as hydrogel
electrolyte in ZABs., as it presents the promising proper-
ties of the biopolymer materials in energy applications, as
synergy with other components, tunable properties, safety,
biocompability and renewability.

Experimental
Materials and methods

In this work, food grade chitosan (90.6% deacetylated [18])
was used (Purity: 100%, BioFitnest). Starch was synthesized
from avocado seeds in the laboratories of Yachay Tech Uni-
versity according to the protocol previously reported [19].
Anhydrous glacial acetic acid (Density: 1.05 kg/L, Purity:
100%), ECH of analytical grade and anhydrous KOH pellets
(purity > 85.00%) were purchased from Sigma Aldrich. The
solvent used in all solutions was distilled water. The Pt plates
(99.97%) and Zn discs (99.999%) utilized in the testing were
acquired from Goodfellow.

Preparation of the CS and CS: a hydrogels

Hydrogels were synthesized using the solution casting
method in a two-step synthesis procedure; 3.5 g of CS was
dissolved in 100 mL of 1% (v/v) acetic acid solution and
3.5 g of avocado starch in 100 mL of distilled water at 80 °C.
The polymer solutions were stirred for 3 h until homogenous
solutions were obtained. After that, 5% wt. of ECH in differ-
ent volume of polymers’ ratio were added to the hydrogels’
solution, varying the amount of avocado starch (Table 1)
under continuous stirring for 1 h. Then, the mixtures were
placed in Petri dishes and allowed to dry at room tempera-
ture for one week. A GPE without starch was prepared to
contrast the results generated by the crosslinker. Finally, the
resulting films were stored in a desiccator for further char-
acterization in dry form. Additionally, another set of GPEs
were immersed in a 12 M KOH solution during 48 h before
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Table 1 Codes to designate the gel polymer electrolytes

Electrolyte Hydrogel Code
Chitosan CS

Chitosan: Avocado Starch (3:1) CS:A 3:1
Chitosan: Avocado Starch (3:2) CS:A 3:2
Chitosan: Avocado Starch (3:3) CS:A 33
Chitosan KOH 12 M CS Sw
Chitosan: Avocado Starch (3:1) KOH 12 M CS:A 3:1 Sw
Chitosan: Avocado Starch (3:2) KOH 12 M CS:A 3:2 Sw
Chitosan: Avocado Starch (3:3) KOH 12 M CS:A 3:3Sw

further characterization techniques. To label the soaked
membranes “Sw”” was added to the GPE codes (Table 1).

Swelling behavior of the hydrogels

For swelling ratio (SR) calculations, the samples were

weighed before and after 48 h of being immersed in 12 M

KOH solution. After that, the SR was determined using

Eq. (1):

Wr—Wo x 100% ()
Wo

SR =

where W is volume or weight, and the subindexes 1 and  are
the swollen GPE and the initial GPE, respectively.

Structural, thermal, and electrochemical
characterization

ATR-FTIR methods

Functional groups of the CS and A biopolymers and the
synthetized hydrogels were analyzed by FT-Infrared Spec-
troscopy (FTIR), that was conducted in the solid-state by
total attenuated reflectance (ATR) using a Cary 630 (Agilent
Technologies Inc. Santa Clara, CA, USA) equipped with
1-Bounce Diamond ATR accessory. Spectra were acquired
in the 4000 — 400 cm™! range, with a resolution of 4 cm™!
and 64 scans.

X-Ray diffraction

The X-ray diffraction (XRD) technique was used to deter-
mine the crystallinity and amorphousness of the GPEs at
room temperature. X-ray diffractograms were obtained with
a computer-controlled Rigaku Mini-flex-600, with a D/tex
Ultra 2 detector 26 (Rigaku, Tokyo, Japan), and the X-Ray
generator in a sealed tube with a Ni-filtered Cu Ko radiation
source (A=0.15418 nm, 40 kV, 15 mA). For data collection,

samples were placed on a sample holder; and the selected
angular region was 20 =5° —80° with a step width of 0.01°.
The degree of crystallinity X, was calculated using Match!
Software [20].

Thermal analysis

The thermal properties of the membranes were analyzed
by thermogravimetric analysis (TGA) in the range of 25
to 800 °C with a heating rate of 10 °C/min, using a Q600
DSC-TGA (TA Instruments, New Castle, DE, USA) under
nitrogen atmosphere on samples of 5-10 mg.

SEM and BET characterization

To analyze the hydrogel’s morphology, scanning electron
microscopy was used (SEM, JEOL JSM-6010/LV micro-
scope, JEOL Ltd., Japan N, adsorption/desorption iso-
therms at —195 °C were performed with a Quantachrome®
S-BET Autosorb iQ2 (Quantachrome Instruments, USA) to
develop). Brunauer—-Emmett-Teller (BET). Each membrane
was heated at 80 °C in a vacuum for 1 h before the adsorp-
tion/desorption test. Elemental analysis by EDS (Energy
Dispersive Spectroscopy) was performed on the swelled
membranes with the mentioned SEM equipment.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) studies
were performed using a VIONIC instrument, (Metrohm
model, Ecuador), to evaluate the electrochemical behavior
of the hydrogels. The EIS frequency range worked was from
100 kHz to 1 Hz, with two Pt plates holding the electrolyte
in the cell configuration, with a 1 cm?” area of Pt electrodes
acting as blocking electrodes. The conductivity and tem-
perature relationship were examined using a Julabo (—40 °C,
15 L) Ref. Circulator from Polyscience, in the range of O to
50 °C with + 1 °C precision, after 5 min of stabilization. The
ionic conductivity, ¢, was calculated using Eq. (2):

!
A xR, @

o=

where A is the Pt plate area, [ is the GPE thickness, and R,
is the bulk resistance, prevenient from the intersections of
the Nyquist curve with the x-axis. Quadrupled impedance
measurements were carried out for each GPE. The activa-
tion energy (Ea) of each electrolyte was determined by, the
Arrhenius Eq. (3) with a linear fitting by plotting the rela-
tionship between In(c) and 1000/T:

Ea

G =6 eXP[—m] 3)
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where K, is the Boltzmann’s constant, 6 is a pre-exponen-
tial factor, and T is the absolute temperature. Linear Sweep
Voltammetry (LSV) staircase of hydrogels was registered
between 0.0 V and +3.0 V at a speed of 1 mVes™! using a
Zn/Hydrogel/Pt cell where Zn disc was used as the coun-
ter and reference electrode, and Pt served as the working
electrode. CV study was carried out using a Zn/hydrogel/
Zn symmetric cell with Zn electrodes of 1 cm? and a scan-
ning speed of 100 mV/s in a symmetric potential window
from —1.5 V to + 1.5 V. OriginPro software was used for
data processing.

Battery tests

Battery tests were performed in a potentiostat/galvanostat
AMETEK® VersaSTAT 3 model (Princeton Applied
Research, Berwyn, IL, USA), with a sandwich model con-
sisting of the GPE between the anode and cathode. The
anode was made of a piece of polished high-purity Zn foil
(15% 10 mm length and width and 0.2 mm in depth, purity
99.9%, Yunexpress Inc., China). The cathode used was
Pt/C (20% wt.), SIGRACET® B slides (15x 10 mm length
and width, and 0.4 mm in depth) impregnated with 1 mg/
cm? commercial catalytic ink were used as cathode. The
discharge current density was —3 mA/cm? and the cut-off
voltage was 0.2 V. The specific capacitance was determined
by weighing the zinc loss after discharging the Zn-air battery
at 1.98 mA/cm?.

Results and discussion
Reaction mechanism of the hydrogels

Reaction of biopolymers with ECH is reported on basic
medium (pH 10.0) [17, 21]. Herein crosslinking with
epichlorohydrin in an acidic condition was studied because
of the presence of acetic acid from chitosan solution,
already reported by Chen et al. [22]. Epichlorohydrin
acts as the crosslinker in the reaction by leading to the
formation of the glycidylether linkage (Fig. 1b) through
the reactions with hydroxyl groups of the glycan structure
[23]. With this reaction it is expected to enhance the ther-
mal and structural properties by the reinforcement of the
intermolecular binding with the introduction of covalent
bonds to supplant natural hydrogen bonds (Fig. 1a) formed
when the amino group from chitosan and the hydroxyl
group from starch interact [24]. Some chemical struc-
tures formed by the proposed reaction can be ascribed
(Fig. 1c). The desired product of the reaction with ECH
is depicted in Fig. 1c (IIT). The structures resulting from
the cross-linking reaction between the hydroxyl groups
of chitosan and adjacent starches are depicted in (II) and
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(IV), respectively. The terminal tails (I) and (V) can be
formed by the reaction of excess water with ECH; and
(V1) is the reaction product between the two biopolymers
without ECH.

Structural characterization
ATR-FTIR analysis

For the avocado seed starch, it was identified the charac-
teristic bands at 3310 cm™ !, 2925 cm™!, and 1024 cm™ !,
corresponding to the O—H, and C-H stretches and to the
pyranose ring respectively C—O-C (Fig. 2a, b). The bands
at 1636 cm™! and 1423 cm™! were assigned to the O-H
and —CH, bending. The molecular structures of starch and
chitosan are alike, except that the amino group existing only
in chitosan at C-2 position as same as its counterpart —-OH
in starch (Fig. 1). The IR spectra for CS presented a band
at 2925 cm™ !, attributed to C-H stretching vibration [25].
The broad band at 3400 cm™! was related to the hydroxyl
groups, reported to contribute to the complex vibrational
stretches associated with the free intramolecular bound
hydroxyl groups [26]. Other band was presented at around
1636 cm™!, corresponding to the O—H bending of water.
This band usually overlaps with the C=0 band correspond-
ing to the carboxamide of the remained acetylated group
(amide I) of chitosan, as reported by Liu et al. [27]. The
band at 1546 cm™! was identified for the primary amine
N-H bending vibration, comparable to the values reported
by Kadir et al. [28]. The band at 1024 cm™! in the finger-
print region for both chitosan and starch was attributed to
the signals of glycosidic bonds [29]. The IR spectra for the
synthetized hydrogels with ECH presented the same men-
tioned bands but with intensity variations. These changes
evidenced some physical or chemical interactions between
the mixed substances [17, 30], as proposed in Fig. 1.

For the swelled membranes in KOH 12 M (Fig. 2c¢), rel-
evant changes were observed in the O—H and C—H regions,
with a notorious increase of the band at 3280 cm™! caused
by the water insertion, with a higher amount of hydrogen
bonds within the polymeric matrix [7]. The already men-
tioned peak at 2925 cm™! attributed to the C—H stretch-
ing vibration shifts to a lower wavenumber at 2910 cm™!
when immersed in KOH. For the amine band, it significantly
reduced its intensity and shifted to a higher frequency of
1574 cm™!. This could be attributed to a more amorphous
state because of the presence of more hydroxyl groups [31].
The band corresponding to the O—H bending of water
shifted to 1646 cm™'. The band representing the ring’s
C—0—C skeletal vibration also shifted to a lower wavenum-
ber (1014 cm™!), suggesting the interaction of K* with the
polymeric chain [32].
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Fig. 1 Schematic representation for the proposed reaction mechanism of hydrogels composed of a CS-A without ECH b CS-A with ECH, ¢
structures formed by the crosslinking reaction of ECH

XRD Analysis synthesized GPEs (Fig. 3). The chitosan diffractogram evi-

denced its semicrystalline structure, mainly maintained by
The predominant broad peak in each film without immer-  intramolecular and intermolecular interactions [33]. Its rigid
sion in the alkaline solution was identified at approxi- structure is due to the hydrogen bonds formed among amino

mately 20 =21° pointing to a high amorphousness of the = and hydroxyl with a water molecule inside the network [2].
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Fig.2 ATR-FTIR spectra of CS, CS:A membranes a-b before and ¢ after immersion in 12 M KOH solution

The peak at 20=19° is characteristic of the crystalline
behavior of pure chitosan and starch [34]. In addition, the
membranes showed different intensities before and after
immersion in 12 M KOH solution (Fig. 3). The broad and
large peaks are related to the amorphous region, while the
narrow and sharp peaks represent the crystalline part of
the films. Swelling membranes presented a considerable
intensity decrease because of the addition of the 12 M KOH
solution; this result was expected as it is associated with
the reduction of crystallinity [35]. Additionally, the broad

CS

CS Sw

CS:A 3:1

CS:A 3:1 Sw
= = CS:A3:2
— CS:A 3:2 Sw
= = CS:A3:3
— CS:A 3:3 Sw

Intensity (a.u.)

26 (°)

Fig.3 XRD patterns of CS and CS:A at different proportions of
starch before and after being immersed in 12 M KOH solution
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peaks indicated the increase of the amorphous domain and
the upgrowth of the molecular mobility of the ions [36, 37].

The degree of crystallinity of the membranes is relevant
since it is related to the swelling behavior of hydrogels [38].
For the gels immersed in 12 M KOH, the reduction of X,
was observed (Table 2). The CS:A 3:1 Sw showed the low-
est X, value (11.96%) while the values for CS:A 3:2 Sw and
CS:A 3:3 Sw were 13.42% and 13.08%, respectively. Con-
sequently, CS:A 3:1 Sw film contained a highly amorphous
region and therefore it was expected to conduct ionically
better. Crystallinity is associated with the swelling behavior
of hydrogels, and ionic conductivity increases with decreas-
ing crystallinity because ions have low mobility in the crys-
talline phase [38]. In addition, a larger amorphous region
has more voids present which are related to higher ionic
conductivity values [39]. The complex formed between the
polysaccharide chains and the K* could be attributed to this
behavior and thus the crystallinity decrease could be related
to the hydrogen bonding destruction in the matrix [40].

Table 2 Crystallinity degree for Electrolyte X, (%)

the GPEs calculated from the

XRD pattern CS 2222
CS:A 3:1 17.32
CS:A 3:2 15.84
CS:A 3:3 15.13
CS Sw 12.90
CS:A 3:1 Sw 11.96
CS:A 3:2 Sw 13.42
CS:A 3:3 Sw 13.08
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SEM and BET analysis

The N, adsorption-desorption isotherms for the membranes
were investigated (Fig. S1). A low surface area of 2.67 m*/g
is obtained for the CS:A 3:3 membrane (representative data
for the proposed membranes), along with the hysteresis loop
pointing to a mixture of type II and III isotherms. This result
suggests that the membranes are non-porous or macroporous
materials, characterized by a low adsorbent-to-adsorbate
ratio, thus performing absorption rather than adsorption pro-
cesses. SEM micrographs obtained for the dried CS:A 3:3
membrane (Fig. 4a, b) suggested the complete interaction of
starch and chitosan since no starch granules were observed
on the surface, similar to the results reported by Yusof et al.
[41]. Moreover, the chapped surface might indicate the for-
mation of a porous structure in which the ionic salt could
enter the matrix. The obtention of a porous structure is rel-
evant due to its essential role in transporting the charge car-
riers in the system [42]. Once the membrane had absorbed

SEI 10kV WD8mnBS25
CIMAV

- b
x1,000 10pm

WD9mm SS60

—_
(=7
~
=]
=]

the ionic salt solution, granules were observed on the GPE’s
surface (Fig. 3c). EDS elemental mapping was performed on
the swollen membranes (Fig. 4d), evidencing the dispersion
of the added KOH within the polymer electrolyte all over the
surface, confirming the complexation of the salt withing the
polymer matrix. The presence of free Cl™ ions in zone 002
originated from unreacted ECH traces that reacted with K*
ions could be causing the agglomeration of deposited KCI
salt over the membrane [43]. On the other hand, in zone 001
the decrease in intensity of C and O mass percentage could
suggest the good blending nature with the added salt [44].

Thermal analysis

The dry membrane showed three degradation regions at
200, 300, and ~450 °C (Fig. 5a). The total weight losses
in the first region at ~200 °C of CS:A 3:1, CS:A 2:2,
CS:A 3:3 were 10.44%, 6.05%, and 9.24% by weight,
respectively. This first weight loss region is related to

) T
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CIMAV

x2,500 10pm

70.26

3
=]
1
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Fig.4 SEM micrographs of the CS:A 3:3 membrane at a 550X and b 2500% and the CS:A 3:3 Sw membrane ¢ at 1000x d elemental composi-

tion of the CS:A 3:3 Sw polymer electrolyte performed at ¢ 001 and 002
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Fig.5 a Thermal stability studies of the CS:A and CS:A Sw at different starch proportions. b DTGA curves of electrolytes

the of internal water loss in the matrixes [45]. The sec-
ond loss beyond 300 °C is related to the char formation
of chitosan [45, 46]. Furthermore, above ~450 °C, the
remaining weight was relatively constant, with a residual
of 39.23 wt%, 39.74 wt% and 33.38 wt% for CS:A 3:1,
CS:A 3:2 ,and CS:A 3:3, respectively. This slight vari-
ation indicates a higher carbon yield with the matrixes
incorporating starch. Therefore, the TGA curves evi-
denced that the thermal resistance increased when starch
polymer and epichlorohydrin were added, indicating
that thermal degradation of the chitosan-starch GPEs is
reduced after the film modification [7].

Regarding the swollen membranes, the first range was
observed between 55 and 150 °C with a weight loss of
22.47%, 22.80%, 29.62% for CS:A 3:1, CS:A 3:2, CS:A
3:3, respectively and is related to the evaporation of
water present in the polymeric chains upon immersion
in the 12 M KOH solution [18]. Next, the second range
was observed between 150 and 250 °C, and it is pos-
sible to attribute it to the degradation of the saccharide
backbone, suggesting the dehydration of the saccharide
rings takes place [47]. From the derivate TGA (DTGA)
curves (Fig. 5b), it was observed that the modification of
the chemical structure led to a decrease in bond strength,
pointing to some degree of weakening of the interactions
of the synthesized membranes compared to the pure CS
films. It was also evidenced that a higher percentage of
residues in the swollen GPEs in contrast to the dried
membranes could point to the presence of potassium
oxide salts formed upon KOH decomposition [48].
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Electrochemical characterization
Swelling ratio and conductivity

The synthesized electrolytes were immersed in 12 M KOH
solution to allow the water molecules to enter the poly-
meric system and thus enhance the electrochemical prop-
erties. The swelling ratio (SR) was calculated according
to Eq. (1) to measure the percentage of KOH absorption
(Table 3). It is observed that the non-crosslinked chitosan
membrane achieved the highest KOH uptake with a SR
value of 126.2%. Nonetheless, its electrochemical proper-
ties, such as the reversibility of cyclic voltammetry studies,
was greatly affected; so, it was necessary to add starch to
improve its resistance. In the case of the crosslinked hydro-
gels, it is observed that increasing the proportion of starch
also improved the membrane’s absorption from 77.4 to
94.5% (Fig. 6; Table 3). It is also evident that an increase in
the SR increases the ionic conductivity of electrolytes. The
maximum ionic conductivity of the polymeric membranes
achieved was 0.027 S-cm™! for the CS:A 3:3 Sw membrane
at 30 °C. The alkaline solution is the ionic species donor in
the electrolyte that increase the ionic conductivity of the
synthetized membranes when it penetrates the polymer skel-
eton [49].

Activation energy

The plots of In (c) versus 1000/T for each curve conformed to
a linear behavior, suggesting a dependence between the ionic
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conductivity (c) and the temperature (Fig. 7). It can be inferred
that the results satisfy the Arrhenius behavior, related to the con-
ductivity as a thermally assisted process [50]. For the conduction
process to take place the energy barrier must be overcome so that
the movement of the ions from one site to another occur [51].
The activation energy (E,) was determined as the slope of each
curve. The CS:A 3:2 Sw hydrogel achieved the highest value
of E,, with 0.373 eV. Lower values of 0.244 and 0.295 eV were
obtained for the CS:A 3:1 Sw and CS:A 3:3 Sw, respectively.

When the starch content was increased, the absorption
capability increased (Table 3), hence a higher conductivity
was evidenced. The ionic conductivity values rise due to
the higher ionic concentration inside the GPEs, which is
attributed to the great amorphousness and the higher sepa-
ration of the chains, as demonstrated by the XRD results.
In addition, the hydrogels showed activation energy values
which decrease when the starch content increases, mean-
ing that the highest the amount of KOH that penetrates the
GPEs, the highest the conductivity and hence, the lowest
the required energy that must be provided to ionic conduc-
tion. CS film presented higher E, values suggesting that
pure chitosan restricts ion mobility resulting in lower ionic
conductivity. However, this membrane does not meet the
trend mentioned above since it absorbs the largest amount
of KOH solution but accomplishes a lower conductivity
value; this could be explained by the low structural integ-
rity of the hydrogel.

Table 3 Swelling ratio (SR), activation energy (Ea), and conductivity
(o) value for each electrolyte after incubation in 12 M KOH solution.
o values were obtained at T=30 °C
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Fig.7 Temperature dependence of ionic conductivity of chitosan-

starch electrolytes

Electrolyte SR (%) Ea (eV) 6(S/cm)
CS 126.2 0.319 0.043
CS:A 3:1 Sw 77.4 0.244 0.026
CS:A 3:2 Sw 87.5 0.373 0.022
CS:A 3:3 Sw 94.5 0.295 0.027
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Fig.8 a Linear sweep voltammetry studies for the CS:A Sw GPEs
at different starch proportions. b Cyclic voltammograms (100 mV/s
scan rate and potential range from —1.5 V to 4+ 1.5 V) of Zn/GPEs/Zn

Linear Sweep and cyclic voltammetry

The electrochemical stability of the chitosan-starch
membranes has a significant impact in the long-term
efficiency of the zinc-air batteries. The electrochemi-
cal window is considered a fundamental parameter to
evaluate the electrochemical stability of the GPEs. The
current flow remained stable when the voltage is below
1.8 V (Fig. 8a). Beyond this point, the current increased
immediately, indicating that the GPE was rapidly decom-
posing. In addition, the electrochemical window of the
GPEs is almost~1.8 V compared with some liquid
electrolytes with an electrochemical window of 1.23 V,
which is restricted due to water electrolysis. From cyclic
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brane in 12 M KOH solution

voltammetry studies, the membranes underwent oxida-
tion and reduction, as observed through the redox peaks
(Fig. 8b). The anodic peaks a, and a, were ascribed to the
oxidation of Zn to Zn(OH)i_ and Zn to Zn(OH); respec-
tively [52]. The last compound is formed because of the
OH™ depletion in the proximity of the electrode surface,
resulting in a prepassive layer at a more positive potential
than the peak a;. The cathodic peaks c; and c, were attrib-
uted to the reduction of Zn?>* to Zn. The peaks b’ and
b’’ represented the oxidation of Zn after the dissolution
of the passive film deposited on the electrode surface,
which comes off during the cathodic and anodic scan,
respectively [52].
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Fig.9 a Polarization curves for the battery operated with the synthesized GPEs; b potential electrochemical impedance spectroscopy studies
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Table.4 Ba.tter}./ p.er formance in Electrolyte Ionic Conductivity Bulk Current Power Density Reference

batteries with similar polymer %1073 (S-em™ 1) Resistance Density (mW-cm~2)

electrolytes @ (mA-cm™2)
CS:EC:NH,NO; 9.93 29.8 16.0 8.70 [55]
Cornstarch:PVP: NH,CH;CO, 1.09x1073 - 0.07 0.06 [56]
Cornstarch:CS: NH,I 1.28 62.30 17.70 4.00 [42]
LC:Starch: LiPF 1.27 ~25 ~16 - [57]
CS:Starch:NH,SCN 0.13 - - - [58]
CS:A:ECH:KOH 30 20.85 28.27 8.82 This work

CS:A 3:1 Sw was the hydrogel with the best electrochemi- Conclusions

cal behavior with an intensity superior to 260 mA-cm™~2. The
Figure inset represented the stability of this membrane with
30 consecutive cycles registered; this behavior confirmed the
reversibility and stability of this system. All membranes pre-
sented a quasi-reversible redox behavior ensuring the ionic
transport of the GPEs. In addition, an improvement in the
intensity was evident due to the number of electrons transferred
within the redox species and the electrode which were deter-
mined by the ions motion [52]. While chitosan is the polymer
that confers the electrochemical properties to the films, starch
provides mechanical properties such as resistance. The results
suggest been a suitable application in energy storage devices.

Battery tests

Battery tests were performed following a cell configuration
Zn/GPE/air in which Zn operates as the anode and the Pt/C
as the cathode, with a configuration already reported by our
investigation group [18]. The open circuit potential for the
tested GPEs achieved values of 1.45 V. Discharge power
density curves (Fig. 9a) exhibited a linear voltage drop with
an increase of the discharge current density, suggesting that
the ohmic losses dominated the cell parameter [53]. The
polarization curves showed notorious differences when more
starch was added to the polymer matrix, obtaining four times
the current density of the battery containing the CS:A 3:1
Sw membrane (6.3 mA/cm?) compared to the CS:A 3:3 Sw
(28.3 mA/cm?). The maximum power density of the battery
assembled with the CS:A 3:3 Sw membrane was 8.83 mW/
cm? at room temperature; this result indicates a better per-
formance than other primary batteries of previous reports
(Table 4). The bulk resistance of the batteries was studied,
obtaining a minimum value of 20.85 Q for the CS:A 3:3 sw
GPE (Fig. 9b), as evidence of the existence of more charge
carriers and OH™ ions that facilitate the conduction process
[54]. This result is in accordance with the previously dis-
cussed characterization studies, which confirmed a higher
amount of KOH solution uptake in the electrolyte, along
with the amount of starch incorporated into the matrix.

GPEs based of CS and A were synthetized using ECH as
a crosslinker reagent. ATR-FTIR spectroscopy confirmed
the crosslinking reaction for CS:A:ECH of the hydrogels
achieved by the proposed synthesis. In general, XRD pat-
terns showed a broadening of the peaks with starch con-
centration, indicating a reduction in the degree of crys-
tallinity due to the crosslinking reaction which leads to a
good swelling degree and high-water absorption. From the
swelling behavior results, the CS GPE obtained a higher
SR percentage of compared to the CS:A hydrogels. How-
ever, this is affected negatively with its low structural integ-
rity when applied in energy devices, with the addition of
another polymer obtaining a superior structural stability. It
was evidenced that an increase in the starch proportion in
the CS:A films enhanced the membrane’s absorption, and
therefore ionic conduction values increased, requiring lower
activation energies. Thermal analysis suggested an increase
of the thermal stability when starch polymer and epichloro-
hydrin are added to the swollen membranes. The study of
N, adsorption/desorption processes supported the absorption
and non-adsorption mechanism. By the SEM micrographs, it
was confirmed the obtention of a porous structure, essential
for transporting the charge carriers in the electrolyte. EDS
elemental mapping evidenced the dispersion of the added
KOH. Moreover, analysis of the ionic conductivity with tem-
perature confirmed that the GPEs presented an Arrhenius-
type behavior in the range of 0 to 50 °C and a greatest
conductivity of 0.027 S-cm™! at 30 °C. The cyclic voltam-
metry test revealed a quasi-reversible behavior of the GPEs
that was depicted during the oxidation and reduction pro-
cesses, with a maximum intensity peak of ~260 mA-cm™2.
The chitosan-starch GPEs were tested in a zinc-air battery
prototype reaching a maximum power density of 8.82
mW-cm?, reaching appropriate values for the applicability
of CS:A hydrogels in zinc-air batteries.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-023-03566-0.
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