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for all-solid-state flexible aluminum-—air batteries
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Aluminum-—air batteries are promising electronic power sources because of their low cost and high energy
density. However, traditional aluminum-—air batteries are greatly restricted from being used in the field of
flexible electronics due to the rigid battery structure, and the irreversible corrosion of the anode by the
alkaline electrolyte, which greatly reduces the battery life. To address these issues, a three-dimensional
dual-network interpenetrating structure PVA/LICI/PEO composite gel polymer electrolyte (GPE) is
proposed. The gel polymer electrolyte exhibits good flexibility and high ionic conductivity (¢ = 6.51 x
107% S cm™) at room temperature. Meanwhile, benefiting from the high-performance GPE, an
assembled aluminum-air coin cell shows a highest discharge voltage of 0.73 V and a peak power density
(Prmax) Of 3.31 mW cm™2. The Al specific capacity is as high as 735.2 mA h g% A flexible aluminum-—air
battery assembled using the GPE also performed stably in flat, bent, and folded states. This paper
provides a cost-effective and feasible way to fabricate a composite gel polymer electrolyte with high
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Introduction

Metal-air batteries have become a hot spot for researchers in
recent years due to their high theoretical energy densities, and
examples include zinc (Zn)-air, magnesium (Mg)-air, and
aluminum (Al)-air batteries. Because of their high specific
energy (up to 2.98 Ah g7 %), low cost, high recyclability, and
environmental benefits,** Al-air batteries have become
a promising safe power source. At the same time, new genera-
tions of electronic products, such as electronic skin and wear-
able devices, require the design and manufacture of power
supplies that are shifted from traditional bulky and rigid
structures to thin and flexible examples. However, commonly
used electrolytes, such as sodium hydroxide (NaOH), potassium
hydroxide (KOH), and sodium chloride (NaCl) aqueous solu-
tion, cannot meet the demands of flexible aluminum-air
batteries.” Therefore, to further expand the application range of
aluminum-air batteries, it is necessary to develop a new type of
electrolyte to replace these traditional liquid electrolytes. To
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performance for use in flexible aluminum=-air batteries, suitable for a variety of energy-related devices.

accommodate this, gel polymer electrolytes (GPEs) have been
designed to solve the problems relating to alkaline liquid elec-
trolyte leakage, water evaporation, and flexibility in traditional
aluminum-air batteries.

Gel polymer electrolytes are expected to be candidates for use
in flexible electronic devices because they are soft materials that
contain a large amount of water in a three-dimensional network
structure, and they can promote the transfer of charge, ions,
and molecules.®® GPEs combine the characteristics of solid
electrolytes and liquid electrolytes, with flexibility, liquid
diffusivity, and high ionic conductivity at room temperature. In
GPEs, the liquid electrolyte is fixed in a polymer matrix, which
can reduce the risk of leakage compared to membranes. GPEs
have the advantages of both liquid and solid components, not
only acting as electrolytes but also as separators, and they have
attracted more and more attention. The superiority of this
combination is reflected in the high ionic conductivity and good
interfacial properties of the liquid phase and the good
mechanical properties of the solid components. Most GPEs
exhibit excellent ionic conductivity at room temperature, of
about 10* S em ™", which can enhance the safety and flexibility
of energy storage devices (ESDs).>** Therefore, it is desirable to
develop an effective approach that can allow the fabrication of
GPEs with high freedom of design and can support a rich choice
of materials. Materials such as polyvinyl alcohol (PVA), poly-
ethylene oxide (PEO), polyvinylidene fluoride (PVDF), poly-

vinylidene hexafluoropropylene (PVDF-HFP), polymethyl
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methacrylate (PMMA),"* and polyacrylonitrile (PAN)** are often
used as polymer-carriers in GPEs.

However, a GPE prepared using a single polymer substrate
has only a single polymer chain structure, which limits the
mobility of polymer segments and the degree of lithium-salt
dissociation. As a result, the ionic conductivity, volatility, ther-
modynamic stability, and mechanical strength are affected. In
order to improve the mechanical and electrochemical proper-
ties of the GPE to obtain more excellent electrolyte materials,
researchers often compound several polymers and modify GPEs
to obtain composite GPEs."*** Table 1 summarizes the ionic
conductivities of gel electrolytes based on PVA and other poly-
mers. Although simple physical compositions can improve the
performances of GPEs to a certain extent, the improvements are
far from enough to support efficient electronic devices. There-
fore, researchers hope to improve the performances of GPEs
directly based on structure. Three-dimensional dual-network
(DN) GPEs have emerged due to modern requirements. In
recent years, dual-network (DN) hydrogels have exhibited
excellent physical properties and conductivities.’** A DN
hydrogel is made up of an interpenetrating network of two
different asymmetric polymer networks: a rigid and brittle
network, and a soft and stretchable network.?*** Most DN
hydrogels have the common structural characteristics of the two
networks. The interpenetration of the two networks makes DN
hydrogels both tough and soft. Because the dual-network
structure destroys the local density of polymer chains in the
single-network structure, increases the segment movement of
molecular chains, and improves the tolerance of the polymer to
the electrolyte, the physical and chemical properties of GPEs
can thus be improved.

This paper proposes a three-dimensional dual-network
interpenetrating structure PVA/LiCl/PEO composite GPE (here-
after referred to as PLE), which allows a flexible metal-air
battery to achieve high performance without a traditional
auxiliary support. PLE uses water as the solvent to avoid the
toxicity and flammability of organic solvents. Polyvinyl alcohol
(PVA), containing a large number of hydroxyl groups in its
molecular chains, was selected as the main body of the polymer,
and the first network was formed via a freeze-thaw method.

Table 1 The ionic conductivities of gel electrolytes based on PVA,
PEO, and other polymers

Electrolyte Tonic conductivity (mS cm™')  Ref.
PVA/H;PO,/H,0 0.056 22
PVA/potassium borate/KClI/H,O  1.02 23
PVA/H;3PO,/cellulose/H,O 0.104 24
PVA/PVP/KOH/H,0 (1.5+11) x107" 25
PEO/PVDF/DMF 2 26
PEO/LiCF;S0; 0.001 + 0.215 27
PEO/KOH 0.0001 28
PEO/PA-LiFTSI/THF 0.0177 at 80 °C 29
PVDF-HFP/HDPE/DMF 2.97 30
PMMA/Pr,N + I/PC/EC 5.02 31
PMMA/LiClO,/PC 1.7 32
PVDF-HFP/[PMpyr|[NTf,/JTHF  1.596 33

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Then, this was immersed in lithium chloride (LiCl) solution and
ethylene oxide (EO) solution. LiCl solution and EO solution
diffused into the porous structure. Then, EO is ring-
polymerized into polyethylene oxide (PEO) and cross-linked as
a second network. This PLE GPE prepared via a simple two-step
method combines the common characteristics of a physical gel
and a chemical gel, has high ionic conductivity and mechanical
strength, and is especially suitable for use in aluminum-air
batteries. The discharge voltage of an aluminum-air battery
using the PLE GPE is higher than that using liquid electrolyte at
the same concentration. The maximum discharge voltage of an
assembled single aluminum-air battery can reach 0.73 V. At the
same time, to explore the application potential of the PLE GPE
in flexible batteries, an aluminum-air flexible battery using PLE
was designed, which was discharged in flat, bent, and folded
states, respectively. Excellent and stable discharge performance
was shown in all cases. Thus, the PLE GPE has broad applica-
tion prospects for future use.

Experimental

Experimental materials

Polyvinyl alcohol (PVA-1799, degree of alcoholysis: 98-99% (mol
mol '), Aladdin); ethylene oxide (EO, >99.0%, Aladdin); anhy-
drous lithium chloride (LiCl, AR 99.0%, McLean); sodium eth-
oxide (C,H;5NaO, >99.0%, Mclean); N,N-methylene bisacrylamide
(MBAA, AR, McLean), tetramethyl ethylenediamine (TEMED,
99%, Aladdin), ammonium persulfate (APS, AR, 98.5%, Aladdin);
absolute ethanol (C,HO, 99.5%, McLean); manganese dioxide
(MnO,, AR, 85%, McLean); superconducting carbon black
(McLean); and polyvinylidene fluoride (PVDF, McLean) were all
used. The laboratory water (H,O) used in this study is deionized
water.

Preparation of the gel polymer electrolyte

6 wt%, 8 wt%, and 10 wt% LiCl aqueous solutions were
prepared. 8 wt% sodium ethoxide-ethanol solution was
prepared. N,N-Methylene bisacrylamide (MBAA), ammonium
persulfate (APS), tetramethyl ethylenediamine (TMED), and
ethylene oxide (EO) solution were mixed with a relative ethylene
oxide molar ratio of 0.1 mol% to prepare mixed EO solution.
15 wt% PVA solution was frozen at —18 °C for 24 h and thawed
for 5 h, and this was repeated 4 times; then, PVA was soaked in
the 6 wt%, 8 wt%, and 10 wt% LiCl solutions for 10 h and dried
at room temperature to obtain PVA/LiCl(6), PVA/LiCl(8), and
PVA/LiCl(10) gels. The dried gels were soaked in 8 wt% sodium
ethoxide-ethanol for 8 h and dried at room temperature. The
obtained dried gels were soaked in the ethylene oxide mixed
solution for 24 h, and dried at room temperature to obtain PL¢E,
PLgE, and PL,,E GPEs. In LiCl(x), x is the mass concentration of
LiCL

Fabrication of an air cathode and aluminum-air battery

Manganese dioxide, superconducting carbon black, and PVDF
were accurately weighed at a mass ratio of 8: 1 : 1, and a cata-
lyst ink was prepared upon mixing. Imitating the approaches of

RSC Adv, 2021, 11, 39476-39483 | 39477
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early research, a microporous membrane was used as the
current collector to obtain higher flexibility. The catalyst ink was
coated on both sides of the microporous membrane to form an
air electrode. This was dried in an oven at 45 °C. A single
aluminum-air battery with a laminate structure was fabricated
with Al foil, the PLE GPE, and the air electrode.

The total discharge reaction of the battery is:

4Al + 30, + 6H,0 = 4A1(OH); (1)
The neutral solution discharge reactions are:
O, + 2H,0 + 4e — 40H™ @

Al + 30H™ — 3¢ — AI(OH), 3)

Characterization

Samples were frozen using liquid nitrogen and the morphol-
ogies of PLE GPE samples were studied via SEM (ZEISS
sigma500). FTIR spectra of PLE GPE samples were recorded
using a Nicolet 5700 FTIR spectrophotometer (Nicolet, USA) in
the range of 4000-400 cm™'. An electronic universal testing
machine was used to measure the tensile strength and tensile
modulus values of PLE GPE samples. Small specimen require
the use of a traction gauge, and the tensile rate was 10

mm min .

Electrochemical testing

In this study, the conductivity of the PLE GPE was measured via
the AC impedance method. The GPE is sandwiched between two
stainless-steel electrodes to assemble a button battery. Chenhua
CHI760E apparatus is used for impedance testing, and the test
frequency is 0.1-1 000 000 Hz. When the imaginary part of the
impedance of the AC impedance curve is zero, the value of the
corresponding real part of the impedance is the bulk resistance
R of the electrolyte; then, the conductivity of the GPE can be
calculated via the following formula:

o = LI(RyA) (4)

where ¢ is the conductivity, L is the thickness of the GPE, Ry, is
the bulk resistance of the electrolyte, and 4 is the area of the
GPE.

All electrochemical evaluations were carried out using an
electrochemical analyzer (RST-5000F). At room temperature,
a specific current density (0.5 mA cm %) was applied to the coin
cell and cell voltages were recorded.

Results and discussion

The synthesis procedure of PLE and a digital photo of the
material are illustrated in Fig. 1 and 2d, respectively (details in
the Experimental section). Fig. 2a-c show SEM images of PL¢E,
PLgE, and PL,,E, respectively. It can be clearly seen from the
images that the surface of PLE has a rich pore structure and an
intertwined network structure.

39478 | RSC Adv, 2021, 1, 39476-39483
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FTIR spectroscopy was used to characterize the chemical
structure of the hydrogel, as shown in Fig. 3a; there are no
intermolecular forces between PVA and PEO, so this can be
regarded as a simple physical blend. As a result, the infrared
spectrum of the two polymers are simply a superposition of the
absorption peaks produced by their respective groups. At
3330 cm ™, the absorption peak from -OH stretching vibrations
is seen, which illustrates hydrogen-bond association; the peak
at 2946 cm™ ! arises from the stretching vibrations of ~CHj; the
C=0 stretching band from carboxyl groups appeared at
1640 cm ™' in the PVA, PL,, and PL,E hydrogel spectra; the peak
at 1419 cm ™' is from —~CH, bending vibrations; there is a strong
absorption peak at 1100 cm ™', which is from vibrational
absorption of C-O-C; and the in-plane deformation of
-CH,CH,O- in PEO results in a peak at 844 cm ™.

The mechanical stability of the GPE composite is important
for the stability of the battery structure during the process of
battery assembly and cycling. During the cycling process, the
volumes of positive and negative electrode materials will
expand, which can result in poor interfacial contact between the
electrolyte and electrode materials or, potentially, even battery
failure. A highly elastic electrolyte can always maintain excellent
interfacial contact between the electrolyte and the electrode,
improving the cycling stability of the battery. The stress-strain
curves of PL¢E, PLgE, and PL;,E are shown in Fig. 3b. In our test
results, PLgE shows the best mechanical properties, with tensile
strength of 105.5 MPa and elongation at break of 361.9%.
Generally speaking, the elongation at break of PVA hydrogels is
about 150% and the tensile stress is 1.0 MPa.'*** It can be
clearly seen from the data that the formation of PEO optimizes
the overall mechanical properties of the composite gel electro-
lyte. This fully illustrates the excellent mechanical properties of
the dual-network structure. In the electrolyte salt concentration
range of 6-8 wt%, with an increase in the electrolyte salt
concentration, the molecular chains curl and become smaller.
Li" is prone to intramolecular cross-linking with the polymer
molecules, forming a large number of tight cross-linked poly-
mer coils, thereby improving the overall mechanical properties
of the composite GPE. Although the introduction of salt ions is
necessary to obtain high conductivity, the hydrogen bonds
between polymer chains will be destroyed if the salt concen-
tration is too high.*>*® Therefore, when the electrolyte concen-
tration exceeds 8 wt%, the overall mechanical properties of the
composite GPE decrease.

Fig. 3c shows the thermogravimetric curves of PVA, PEO, and
the PVA/PEO DN hydrogel. The initial weight loss from all
samples below 100 °C was associated with the evaporation of
hydrogen-bonded bound water. For the PVA/PEO DN hydrogel,
weight loss of about 70% in the range of 250-350 °C should be
attributed to the degradation of the polymer sidechains. PVA
exhibited the lowest thermal stability of these samples.
Comparing the thermal stabilities of the three hydrogels, the
DN hydrogel has the highest thermal stability, indicating that
the thermal stability of the hydrogel is enhanced upon the
introduction of another cross-linked network. In addition, the
PVA/PEO DN hydrogel has higher residual mass than the other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PVA

PVA/LICI/PEO

Fig.1 The synthesis procedure for PLE.

hydrogels, indicating that the PVA/PEO DN hydrogel has better
thermal stability.

An AC impedance spectrum is generally composed of
a circular arc and a straight line with a certain slope, repre-
senting the high-frequency region and the low-frequency
region, respectively. The formation of an arc in the high-
frequency region is caused by the movement of lithium ions,
generating impedance on the electrode surface layer. In this
experiment, both the positive and negative electrodes were
made of stainless steel. Because there is no reaction between

View Article Online
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LiCl

Freeze-thaw crosslinking

MBAA
APS
TEMED
EO

500m|

the stainless-steel electrodes and the electrolyte, the arc origi-
nally present in the high-frequency region is close to infinity.
Consequently, the region of the AC impedance spectrum
relating to conductivity in this study is approximately linear.
The impedance spectra of PL¢E, PLgE, and PL,,E are shown
in Fig. 4a. Table 2 shows the ionic conductivity values of PL¢E,
PLgE, and PL;,E at room temperature. The highest ionic
conductivity is 6.51 x 107* S em ™', This is about three times
higher than that of a neutral GPE prepared on a single polymer
substrate. The ionic conductivity of the GPE is mainly affected

Fig. 2 SEM images of (a) PLgE, (b) PLgE, and (c) PLjoE; and (d) a photograph of PLE.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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by the polymer matrix and the electrolyte salt. In the GPE,
lithium ions are coordinated with the oxygen atoms of carbonyl
groups, and the ions that are weakly linked to the molecular
chain will be separated under the action of an electric field.
Cations migrate through the coordination sites of carbonyl
oxygen atoms, resulting in ionic conductivity. PVA and PEO
contain large numbers of carboxyl groups which can provide
coordination sites for oxygen atoms and lithium ions, thus
improving the ionic conductivity. When 8 wt% LiCl solution is
introduced, PLE exhibits the largest ionic conductivity. Because
carbonyl groups can coordinate with lithium ions in a stable
manner, the stability of the lithium-ion transmission network
structure is ensured. However, when 10 wt% LiCl solution is
introduced, the ionic conductivity of PL,,E is decreased. This is
mainly due to the destruction of the polymer network structure
as a result of the high salt concentration, which limits the

300 400 500 50 100 150 200 250 300 350

£(%) Temperature (C)

(a) FTIR spectra of PVA, PL,, and PL,E. (b) The stress—strain curves of PLgE, PLgE, and PLoE. (c) Thermogravimetric analysis of PVA, PEO,
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(a) The impedance spectra of PLgE, PLgE, and PL;joE and (b) related Arrhenius plots.

migration, and it greatly influences the ionic conductivity of
the electrolyte.

Table 3 shows the ionic conductivities of the GPEs at
different temperatures, from 25-65 °C. Each GPE shows higher
ionic conductivity upon raising the temperature. This is mainly
because high temperature promotes the migration of carrier
ions.

The ion transport model in the GPEs conforms to the
Arrhenius equation, which can be expressed as follows:

—Ea
g = 0()CRT

(5)

Table 3 The ionic conductivities of different GPEs from 25-65 °C

g . . 025 °C 030 °C 740 °C 50 °C 060 °C
movement of lithium ions and polymer chains. Therefore, due -1 -1 -1 -1 -1
(mSem™) (mMSem ) (mMSem ) (mMSem™) (mSem )
to interactions between the GPE structure and the electrolyte
salt, the electrolyte salt concentration is key to lithium-ion PLE 6.47 6.50 6.58 6.67 6.73
PLgE  6.51 6.55 6.64 6.74 6.82
PL;cE  5.95 5.99 6.08 6.17 6.25
Table 2 Bulk resistances, wet thickness, and room-temperature ionic
conductivity values of GPE samples Table 4 The activation energies of different GPEs
PLE PL4E PL,oE
PL¢E PL.E PL,,E
Ry (Q) 1.34 2.04 2.56
Thickness (cm) 0.017 0.026 0.030
Ionic conductivity (Sem™")  6.47 x 107°  6.51 x 10°°  5.95 x 10°°  E, (k] mol™ ) 13.37 12.91 14.27
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Fig.5 Electrochemical performances of single aluminium—air batteries. The discharge performances of aluminium—air batteries under a current
density of 0.5 mA cm™2 using (a) PLgE, (b) PLgE, and (c) PLyoE GPEs and the same concentrations of liquid electrolyte. The polarization and power
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Fig. 6 The electrochemical performance of a flexible aluminum-—air battery. (a) and (b) images of the flexible and stretchable aluminium-air
battery. (c) The galvanostatic discharge performance (0.5 mA cm™2) of a single aluminium—air battery in various mechanical deformation
configurations (flat, bent, twisted, and folded states).
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where 0, is a pre-exponential factor, T'is the temperature, and R
is the thermodynamic gas constant. Based on a fitted curve, the
activation energy (E,) can be calculated from the slope of the
straight line.

Through testing and data fitting, the E, value of PLgE is
found to be the smallest: 12.91 k] mol " (Fig. 4b and Table 4).
This is consistent with the ionic conductivity, verifying that
PLgE has the highest ionic conductivity and also reflecting that
PLgE has the highest ion migration abilities.

The PLE GPE and liquid electrolyte are assembled into
a coin-type aluminum-air battery. Fig. 5a-c shows the discharge
performances of the PLE GPE and a liquid electrolyte in an
aluminum-air battery. The results show that at a current
density of 0.5 mA cm > and the same LiCl concentration, the
discharge voltage of the aluminum-air battery using the PLE
GPE is higher than that using liquid electrolyte at the same
concentration. The maximum discharge voltage of an assem-
bled single aluminum-air battery can reach 0.73 V, and the
calculated Al specific capacity was as high as 735.2 mA h g~

Fig. 5d-f shows the battery polarization and power density
curves of coin cells with PL¢E, PLgE, and PL,,E as electrolytes.
The applied discharge current density is in the range of 0-14 mA
cm ™2, between 0.1 V and 0.7 V. With an increase in the current
density, the discharge voltage decreases accordingly. PLgE,
PLgE, and PL,,E act as diaphragms and electrolytes in
aluminum-air coin cells, and peak power densities (Ppax) of
3.31, 3.0, and 2.7 mW cm™ 2 are obtained, respectively. This is
because the polymer electrolyte can greatly delay the self-
corrosion of the electrode, so the battery has a higher power
density as a whole. The coin cell with PL¢E as the electrolyte
shows the highest power density. This indicates that the PLE
GPE can be used as the electrolyte and separator in aluminum-
air button batteries.

To demonstrate the excellent flexibility of a single
aluminum-air battery, the overall performances of batteries
were evaluated in response to various types of mechanical
deformation (Fig. 6¢). As shown in Fig. 6¢, a single aluminum-
air battery was changed from a flat configuration to bent and
twisted states at 0.5 mA cm ™2, and the output voltage remains
above 92%. The battery was first studied under flat conditions
(region I), and the output voltage is maintained at 0.66 V. Then
the battery is bent to 45° and cycled in a static bent state (region
1I) and a relaxed state (region III). Obviously, bending does not
affect the performance of the battery. After bending, the output
voltage is maintained at 0.61 V. After cycling in a bent state
(region II), the battery was returned to a relaxed state (region
I1I), and the voltage recovered to more than 99% of its initial
value. The battery is twisted (region IV) and cycled in a static
twisted state. Similarly, no significant decay was observed. Once
it was returned to a relaxed configuration (region V), the output
voltage recovered rapidly. In addition, the battery retained
about 99% of its initial voltage after 500 cycles in a folded state
(region VI). The excellent cycling performance shows that the
static deformation does not affect the cycling performance. The
safety of the battery, the generation of a stable output under
short-term stress, and the long-term performance are very
important for practical applications. The experimental results
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fully illustrate that an aluminum-air battery with a PLE GPE has
the flexibility required to make it suitable for use in flexible
electronic equipment.

Conclusions

In summary, a PLE GPE was successfully prepared via a simple
two-step method involving freeze-thaw crosslinking and
chemical crosslinking. It is found that when the mass fraction
of PVA is 15% and the mass fraction of LiCl is 8%, the
composite gel electrolyte shows the best performance index
values, and the tensile strength, elongation at break, and ionic
conductivity reach 105.5 MPa, 361.9%, and 6.51 x 10 *>S cm ™,
respectively. At a current density of 0.5 mA cm ™ and the same
LiCl concentration, the discharge voltage of an aluminum-air
battery using the PLE GPE is higher than that using liquid
electrolyte, and the Al specific capacity was as high as
735.2 mA h g~'. When a single flexible aluminum-air battery
was changed from a flat state to bent and twisted states at 0.5
mA cm >, the output voltage remained above 92%. When the
battery was returned to the relaxed state, the voltage recovered
to more than 99% of its initial value, and the battery voltage
remained at about 99% of its initial value after 500 cycles in
a folded state. In addition, the GPE can be used as both
a separator and electrolyte, which can greatly reduce the irre-
versible corrosion of the anode and prolong the service life of
the battery. In light of the above characteristics, the PLE GPE,
with high transparency, high conductivity, high stretchability,
and good safety, has broad application prospects in wearable
electronic devices, especially in aluminum-air batteries. It
overcomes the limitations of the traditional rigid structures of
aluminum-air batteries. The PLE GPE prepared with the
method described in this paper exhibits excellent performance,
making it a promising candidate for potential applications in
flexible electronics, wearable devices, artificial skin, soft
robotics, energy storage, and sensors.
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