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Self-Healing and Anti-CO2 Hydrogels for Flexible Solid-State Zinc-Air
Batteries
Siyuan Zhao, Dawei Xia, Minghao Li, Diyi Cheng, Keliang Wang, Ying Shirley Meng, Zheng Chen,*
and Jinhye Bae*

ABSTRACT: Flexible solid-state zinc-air batteries (ZABs) generally
suffer from poor electrolyte/electrode contact and mechanical
degradation in practical applications. In addition, CO2 corrosion is
also a common issue for ZABs with alkaline electrolyte. Herein, we
report a thermoreversible alkaline hydrogel electrolyte that can
simultaneously solve the aforementioned problems. Through a simple
cooling process, the hydrogel electrolyte transforms from solid state to
liquid state that can not only restore the deformed electrolyte layer to
its original state but also rebuild intimate contact between electrode and
electrolyte. Moreover, the ZAB based on this hydrogel electrolyte
exhibits an unprecedented anti-CO2 property. As a result, such a battery
shows almost 2.5 times discharge duration than that of ZAB based on
liquid electrolyte.

KEYWORDS: zinc-air battery, hydrogel electrolyte, thermoreversible gel, CO2 corrosion, self-healing, electrode/electrolyte interface

■ INTRODUCTION

With the rapid development of wearable electronic devices,
flexible solid-state aqueous batteries have emerged as
promising power sources owing to their superior safety and
low cost.1−3 Among them, zinc-air battery (ZAB) is
particularly attractive due to its stable discharging voltage
and high theoretical energy density (1084 Wh/kg), which is
about 4 times higher than that of lithium-ion battery (LIB).4−6

Meanwhile, the worldwide abundant zinc reserves guarantee a
fairly low price for ZABs toward commercialization. To enable
the flexibility of ZAB, the key is to develop a suitable solid-state
electrolyte to replace the conventional potassium hydroxide
(KOH) liquid electrolyte.7,8

Various solid-state electrolytes for ZAB, mainly hydrogels
and alkaline anion-exchange membranes, have recently been
reported to realize different flexible designs such as being
stretchable, compressible, and bendable.9−13 However, to date,
there are still many issues that need to be addressed on solid-
state electrolytes for ZAB. First, most solid-state electrolytes
can be easily damaged by various deformation during daily use,
resulting in deterioration of electrochemical performance. A
very few studies have reported self-healable solid-state
electrolytes,14,15 which relies on manual interruption to restore
mechanically damaged electrolytes in the assembled cells to
achieve healing function. Second, since the ZAB is a semiopen
system, the alkaline electrolyte will inevitably react with CO2 in
the air during the operation period, leading to a decrease in
ionic conductivity.5,16 In the existing research, there is no

effective method to slow down the reaction between alkaline
electrolyte and CO2. In addition, the poor wetting along the
solid−solid interface causes poor contact between solid-state
electrolytes and electrodes.17 Therefore, it is of great
importance to develop a solid-state electrolyte with functions
of self-recovery, anti-CO2, and intimate contact with electro-
des.
Herein, we report a thermoreversible hydrogel electrolyte,

which can effectively solve the problems including poor
electrolyte/electrode contact, mechanical degradation, and
CO2 corrosion of ZAB. The novel hydrogel electrolyte is a
mixture of KOH solution and poly(ethylene oxide)100−
poly(propylene oxide)65−poly(ethylene oxide)100 (PEO100−
PPO65−PEO100, also known by the trade name Pluronic F127,
abbreviated as F127), where KOH solution provides
conductive hydroxide ions and F127 imparts electrolyte a
cooling-recovery property. By a simple cooling process, not
only the damaged electrolyte can restore to its original state
but also the electrolyte/electrode interface is able to rebuild its
intimate contact. It is also worth mentioning that the F127-
KOH electrolyte showed a significantly improved CO2
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resistance compared to the conventional KOH liquid electro-
lyte.

■ RESULTS AND DISCUSSION
F127 is a triblock copolymer (PEO100−PPO65−PEO100), and
the simplified structure of F127 is shown in Figure 1a. As a
representative thermoreversible hydrogel, F127 endows its
aqueous solution with a unique sol−gel transition property that
exhibits a liquid state at a low temperature (e.g., <0 °C) and
returns to a hydrogel state after heating. Although the
mechanism of this phenomenon remains a controversial
argument so far,18 it is commonly considered that both the
PEO and PPO blocks are hydrated with abundant water
molecules through hydrogen bonding, hence well dissolved in
water at a low temperature. However, at room temperature,
PPO blocks gradually dehydrate and molecular aggregation of
hydrophobic PPO blocks takes place. The aggregation of the
PPO blocks leads to the formation of micelles, and eventually,
the system becomes a gel by micelles packing.19 The sol−gel
transition is a physical process with no change in chemical
components.20

The sol−gel transition temperature of the F127 solution is
determined by the concentration of F127,21 which is important
for solid-state ZAB since a lower transition temperature (e.g., 0
°C) means a wider solid-state operating temperature range.
The concentrations of F127 in deionized water and the
corresponding transition temperatures were recorded (Table
S1). The result exhibited a trend that with the increase of F127
solution wt %, the sol−gel transition temperature decreases,
which is consistent with previous reports.22 Except for this, the
concentration of KOH also needs to be taken into
consideration. For example, 6 M KOH solution has been
widely used as an electrolyte for conventional ZAB due to its
high ionic conductivity.23 However, when it is applied in solid-
state electrolytes, some polymer substrates, such as F127, are
unable to endure alkaline solution with a high concentration.
In other words, F127 powders could not dissolve in 6 M or
even 1 M KOH solution completely (Figure S1). Accordingly,
we optimized the concentration of KOH solution to 0.5 M,

where the F127 powders completely dissolved in 0.5 M KOH
solution and the sol−gel transition property of this mixture
solution was maintained. In addition, we found that the
existence of hydroxide ions (OH−) significantly reduced the
sol−gel transition temperature of F127 alkaline solution (12
°C for 30 wt % F127 in deionized water and −2 °C for 30 wt
% F127 in 0.5 M KOH solution, Table S2). This phenomenon
may provide a new aspect to explain the unique characteristic
of Pluronic. Also, the freezing point of the new Pluronic
hydrogel electrolyte dropped significantly by the effect of the
KOH solution (Table S2). Hence, 0.5 M KOH solution and 30
wt % F127 were chosen as an optimized recipe for the alkaline
Pluronic solid-state electrolyte (APSE) in this report.
APSE not only provides a large number of OH− for ion

transport but also maintains a cooling-recovery ability. As
shown in Figure 1b, APSE can reversibly switch between liquid
and hydrogel states through cooling and heating, respectively.
Even if the surface of APSE is damaged or even cut into several
parts, a simple cooling to −5 °C will turn APSE into a liquid
and restore to its original state at room temperature (Figure
1c). From this perspective, APSE will maintain the advantage
of intimate electrolyte/electrode contact like liquid-based ZAB
because of its unique liquid state at a low temperature (−5
°C). Figure 1d exhibits the perfect wetting process of the zinc
electrode and air electrode, respectively. Although the
hydrogel-state APSE droplet had a relatively large contact
angle at the beginning, it gradually became a liquid state at −5
°C, and thus spread spontaneously on the surface of both
electrodes within 5 min. The cross-sectional scanning electron
microscopy (SEM) images (Figure 1e) depict intimate
contacts between APSE and both electrodes. There was no
void observed at the electrolyte/electrode interface as a result
of sufficient and complete infiltration of liquid-state APSE.
Figure 1f illustrates the summary of the unique properties of
APSE-based ZAB. Specifically, there is no obvious difference
between the conventional flexible battery and the APSE-based
ZAB in normal working environment. However, once APSE
suffered from local stress or other kinds of deformations (e.g.,
crumbling and twisting), a low-temperature (−5 °C) stimulus

Figure 1. (a) Chemical structure of Pluronic F127. (b) Reversible sol−gel transition behavior of APSE. (c) Self-healing property of APSE. Scale
bar: 1 cm. (d) Wetting process of the APSE on the air electrode (top row) and zinc electrode (bottom row), respectively, in a −5 °C environment.
Scale bar: 100 μm. (e) Close contact between APSE and zinc/air electrode shown by cross-sectional SEM images. Scale bar: 20 μm. (f) Schematic
of APSE-based ZAB’s unique working process (close contact → loose contact → recovery of close contact).
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Figure 2. (a) FTIR spectra of APSE and Pluronic F127 with 10, 20, and 30 wt % concentrations. (b) XRD pattern of APSE and 30 wt % Pluronic
F127. (c) Rheological behaviors of APSE and 30 wt % Pluronic F127, where G′ represents the storage modulus and G″ represents the loss
modulus. (d) Water retention capacity of APSE.

Figure 3. (a) Ionic conductivity of APSE and 30 wt % Pluronic F127 with 0.1 and 0.2 M KOH. (b) Ionic conductivity of APSE at different
temperatures of 5, 15, 25, and 35 °C. (c) Ionic conductivity of APSE with different water contents. (d) AC impedance spectra of APSE-based ZAB
and 0.5 M aqueous KOH-based ZAB in the frequency range of 100 kHz to 0.01 Hz. (e) Discharge voltage plateau of APSE-based ZAB at different
current densities of 1, 2, and 5 mA/cm2. (f) Discharge curves of APSE-based ZAB at various current densities of 0.2 and 0.5 mA/cm2.
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is sufficient to render APSE transforming into a liquid and
refresh APSE itself, which simultaneously results in a new
electrolyte/electrode interface with conformal contact (Figure
S2). Consequently, the battery will recover its function without
any degradation at room temperature.
To acquire a better understanding of the physicochemical

properties of APSE, Fourier transform infrared (FTIR) and X-
ray diffraction (XRD) analyses were conducted. In the FTIR
spectra, peaks emerging at 1084 and 946 cm−1 indicated the
C−O−C and C−OH stretch within F127 (Figure 2a). No
obvious difference was observed between 30 wt % F127 and
APSE, demonstrating that the addition of 0.5 M KOH solution
induced no changes in the chemical structure and the sol−gel
transition ability of 30 wt % F127. As shown in Figure 2b, no
distinct peak was detected from XRD results, proving the
amorphous gel state of 30 wt % F127 and APSE. The rheology
test showed the storage modulus (G′) was significantly higher
than the loss modulus (G″) in both 30 wt % F127 and APSE,
further exhibiting a gel-state behavior of the samples (Figure
2c).24 Moreover, the observed high G′ manifested the elastic
property of APSE, ensuring the flexibility of the fabricated
ZABs (Figure 2c).24 The hydrogel system can readily suffer
from evaporation, especially in the semiopen ZAB system
during the long discharging process, leading to a decrease in
ionic conductivity and the battery failed eventually.25

Regarding this concern, we examined the water retention
capacity of APSE by measuring weight changes over time.
Notably, the APSE could hold over 80 wt % water content
after 144 h at 25 °C and a relative humidity (RH) of 40%
(Figure 2d), thus guaranteeing a high water content during the
overall discharge operation (133 h) of the fabricated ZAB

(Figure 4c). In the future, additives (e.g., LiCl, CH3COOK,
and MgCl2) may be used in APSE to further enhance its water
retention capacity.26

To achieve APSE-based flexible ZAB, the ionic conductivity
of APSE with various KOH concentrations was investigated as
shown in Figure 3a. The ionic conductivity of the optimized
APSE showed a conductivity of 29 mS/cm, significantly higher
than that with a lower KOH concentration (0.1 M for 1.1 mS/
cm and 0.2 M for 12 mS/cm) and some other conventional
polymer electrolytes (∼1 mS/cm).27,28 Also, the open-circuit
voltage of our ZAB reached over 1.3 V (Figure S3), very close
to that of conventional ZAB with 6 M KOH aqueous
electrolyte.29 Furthermore, as the temperature can be a critical
factor affecting the ionic conductivity of electrolytes,30 we also
tested the ionic conductivity of APSE under different
temperatures. As shown in Figure 3b, the ionic conductivity
decreases by decreasing temperature as expected, while the
APSE still retained a high ionic conductivity of 20.7 mS/cm at
5 °C, demonstrating a wide operating range. Figure 3c further
demonstrates the effect of water content on the ionic
conductivity of APSE. Combining with the APSE water
retention curve shown in Figure 2d, it was anticipated that over
80 wt % water content after 144 h could still render APSE a
high ionic conductivity. The corresponding AC impedance
spectra of the aforementioned ionic conductivity are shown in
Figure S4. Figure 3d displays the AC impedance spectra of the
ZAB based on 0.5 M KOH aqueous electrolyte and APSE,
respectively. From the Nyquist plot, although the solution
resistance (Rs) of our APSE was higher than the liquid
electrolyte, the diameter of the semicircle indicated that there
was no obvious difference in the charge transfer resistance

Figure 4. (a) AC impedance spectra of the 0.5 M aqueous KOH-based ZAB before and after CO2 corrosion in the frequency range of 100 kHz to
0.01 Hz. (b) AC impedance spectra of the APSE-based ZAB before and after CO2 corrosion in the frequency range of 100 kHz to 0.01 Hz. (c)
Discharge curves of APSE-based ZAB and 0.5 M aqueous KOH-based ZAB at a current density of 0.1 mA/cm2. (d) Self-healing property is shown
in the discharge curve of APSE-based ZAB at a current density of 1 mA/cm2. The destroyed electrolyte/electrode interface is shown in the inset
photograph. Scale bar: 1 cm.
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(Rct) (Figure S5). This result was partly due to the intimate
APSE−electrode contact. The rate performance is displayed in
Figure 3e. Despite the solid-state nature and low KOH
concentration, our ZAB still exhibited stable and high
discharge voltage plateaus under various current densities. As
the discharge current density increased from 1 to 5 mA/cm2,
the discharge voltage only decreased by 0.2 V, from 1.2 to 1.0
V. To further investigate the discharge ability of the APSE-
based ZAB, galvanostatic discharge measurements were
conducted at different current densities (0.2 and 0.5 mA/
cm2) in the ambient environment. As shown in Figure 3f,
APSE-based ZAB exhibited a high discharge capacity of 15.3
mA/cm2 at 0.2 mA/cm2. Moreover, the cell delivered very
close discharge capacity between 0.2 and 0.5 mA/cm2. The
end of discharge showed a rapid drop in voltage, which can be
explained by the gradually accumulated zinc oxide (ZnO)
passivation layer on the zinc surface.31 For further validation,
we changed the battery components (zinc plate, air electrode,
and APSE), respectively, and performed discharge tests again
at 0.2 mA/cm2 after battery failure. As shown in Figure S6,
after changing the used air electrode and APSE, the battery
showed no discharge capability and the voltage dropped
rapidly. However, the battery still discharged stably after
changing the used zinc plate. Thus, it could be concluded that
the end of discharge was caused by the zinc failure. The
formation of the ZnO passivation layer on the zinc surface was
mainly due to the decomposition of zincate ions (Zn(OH)4

2−)
when becoming saturated in APSE.32 Therefore, though
changing the zinc plate, the battery discharge capacity was
still shortened because of the Zn(OH)4

2−-saturated APSE. After
changing both the zinc plate and the APSE, the battery

discharge level (voltage) nearly resumed to its initial stage
(Figure S6). It is worth mentioning that the air electrode used
here was a commercial MnO2/C electrode, so the ZABs were
fabricated as primary cells. Recent progress on designing
bifunctional catalysts has significantly improved the power
output and rechargeability of ZABs.33−37 We believe that with
systematic design, optimization, and integration, our hydrogel
electrolyte may be paired with the state-of-the-art bifunctional
electrocatalysts to enable self-healing and anti-CO2 functions
of ZABs, which will be demonstrated using primary ZABs with
commercial catalysts as a model system.
For conventional ZAB, carbonation of the electrolyte is

inevitable because the CO2 in the air will diffuse into the
battery electrolyte together with O2 and reacts with the base to
form carbonate.38 Surprisingly, an unprecedented anti-CO2
property was observed in our APSE-based ZAB. To validate
this property, ZABs with 0.5 M KOH liquid electrolyte and
APSE were placed in a CO2-rich environment (a plastic bag
full of 2 L of CO2) for 24 h for allowing sufficient CO2
diffusion into the battery system and reaction with electrolyte.
From Figure 4a,b, the AC impedance spectra showed an
obvious difference between the two batteries resulting from
their distinct anti-CO2 ability. After 24 h of CO2 exposure, not
only the Rs value of the liquid-based ZAB tripled but also Rct
increased. By comparison, the Rs value of the APSE-based ZAB
only increased by half and Rct barely changed (Table S3). To
further investigate the CO2 corrosion tendency, the two
batteries were then placed in a 2 L plastic bag with 20% CO2
for open-circuit voltage (OCV) test (Figure S7). Surprisingly,
the OCV of the two batteries both slightly increased under the
CO2-rich (20%) environment compared with that in the

Figure 5. (a) Schematic diagram of APSE-based ZAB. (b) Photographs of the APSE-based ZAB under different bending degrees. (c) Discharge
curves of the APSE-based ZAB at a current density of 0.1 mA/cm2 under flat, 150, and 120° bent states. (d) Discharge curves of the APSE-based
ZAB at a current density of 0.1 mA/cm2 before and after bending to 150 and 120° for 100 times. (e) AC impedance spectra of the APSE-based
ZAB under flat, 150, and 120° bent states in the frequency range of 100 kHz to 0.01 Hz. (f) Two 120° bent state APSE-based ZAB connected in
series lighting up a 2.5 V light bulb.

http://pubs.acs.org/doi/suppl/10.1021/acsami.1c00012/suppl_file/am1c00012_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c00012/suppl_file/am1c00012_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c00012/suppl_file/am1c00012_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c00012/suppl_file/am1c00012_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c00012/suppl_file/am1c00012_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00012?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00012?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00012?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00012?fig=fig5&ref=pdf


ambient air. However, the OCV of ZAB with 0.5 M KOH
solution gradually decreased due to the CO2 corrosion and the
battery failed after 24 h, while the APSE-based ZAB
maintained its OCV for over 166 h. Notably, the APSE-
based ZAB showed almost 2.5 times discharge duration than
that of the liquid-based ZAB, which is reasonable due to the
fact that CO2 can be easily absorbed by traditional alkaline
solution.39 In particular, the voltage plateau of the APSE-based
ZAB is slightly higher than that of liquid-based ZAB, showing
1.3 V. The exceptional anti-CO2 property of APSE can be
explained by its higher viscosity compared with 0.5 M KOH
solution at 20 °C (∼107 times greater than that of 0.5 M KOH
solution).21,40,41 Tan et al. have found that in the aqueous
solutions with higher viscosity, the diffusion coefficient of CO2
decreases.42 Therefore, it is reasonable to explain that APSE
with higher viscosity can effectively block the CO2 diffusion,
thus showing a unique anti-CO2 property.43 Besides, it is
noteworthy that the high viscosity of APSE will not affect the
oxygen reduction reaction (ORR) since the O2 gas will first be
reduced to OH− by the catalysis in the air electrode and then
enter APSE as the ion state.32 In the enriched CO2
atmosphere, an opaque layer adjacent to air electrode was
detected (Figure S8). To figure out the chemical identity of the
opaque layer, FTIR and XRD analyses of the initial APSE and
the opaque layer were conducted. It was found that the peaks
of these two in the FTIR spectra corresponded well with each
other and no distinct peak appeared in the XRD spectra,
indicating that the composition and the amorphous-state
structure of the APSE were not changed (Figure S9). Besides,
we placed the APSE in a N2-protected atmosphere for 48 h to
eliminate the interference of CO2. The photographs also
showed that there was a thin opaque layer forming on the N2-
exposure side (Figure S10). Moreover, the weight retention of
the APSE is about 88.3% after the N2 exposure, which agrees
well with the result of the water retention test. Thus, we can
conclude that the formation of the opaque layer is caused by
the water loss of the originally transparent APSE rather than
direct reaction with CO2. In addition, the opaque layer with a
higher Pluronic F127 concentration than the transparent APSE
will have higher viscosity; hence, it could further prevent CO2
diffusion in APSE.21 By comparison, the color of the liquid
KOH electrolyte also changed (Figure S11), which is
consistent with the previous study.44 The anti-CO2 property
of APSE effectively elongates the lifetime of ZAB. It is also
anticipated that in the future study of ZABs with liquid
electrolyte, an anti-CO2 hydrogel like APSE may be used as an
anti-CO2 electrolyte/air electrode interface to prevent or slow
down the carbonation of the alkaline aqueous electrolyte.
On the other hand, to study the self-healing ability of APSE,

both APSE−anode and APSE−cathode interfaces were
destroyed as illustrated in the inset of Figure 4d. After the
deformation of interfaces, the battery voltage gradually
declined because of the corresponding decrease in the actual
reaction area. Nevertheless, through a simple cooling-recovery
process to restore the damaged interface, our battery recovered
its original voltage plateau without any loss (Figure 4d).
Figure 5a shows the schematic diagram of the APSE-based

ZAB. Supported by a flexible zinc sheet, a commercial MnO2/
C air electrode, and our APSE, the ZAB can be bent to
different degrees (150 and 120°) without any visible damages
(Figure 5b). With an original length of 30 mm, the
corresponding bending radius of the ZAB is 8.18 mm at
150° bending and 4.08 mm at 120° bending, respectively

(Figure 5b). Figure 5c,d compares the battery discharge
performance under flat (180°) and bent (150 and 120°) states
at 0.1 mA/cm2. Figure 5c verifies that bending to 150 and 120°
did not harm the battery discharge performance. Even after
repeating bending 100 times from flat to 150 and 120°, the
ZAB remained a high-voltage plateau close to that of the flat
state (Figure 5d). Moreover, the AC impedance spectra further
validate that bending hardly exerts influence on the APSE-
based ZAB (Figure 5e). To confirm the practical application of
our battery, two of which bent to 120° are connected in series
to illuminate a 2.5 V light bulb, as shown in Figure 5f.

■ CONCLUSIONS
In summary, we have developed a self-healable alkaline
hydrogel electrolyte for flexible solid-state ZABs. Through a
simple cooling process, the electrolyte exhibits a conformal
contact with electrodes and the damaged ZAB recovers to its
original state without any performance degradation. Further-
more, the unprecedentedly anti-CO2 property of the electro-
lyte significantly elongates the discharge time of ZAB when
operated under ambient conditions. It is believed that our new
flexible solid-state ZAB has a great potential to power wearable
electronics in the future.

■ EXPERIMENTAL SECTION
Materials. Potassium hydroxide (ACS reagent, 85%, pellets) and

Pluronic F127 (PEO100−PPO65−PEO100, critical micelle concen-
tration (CMC):45 950−1000 ppm, powder) used in the preparation
of APSE were purchased from Sigma-Aldrich without further
purification. Zinc electrode (thickness, 0.2 mm) and air electrode
(prepared by compressing MnO2, active carbon, and poly-
(tetrafluoroethylene) (PTFE) at a weight ratio of 7:2:1 onto nickel
foam) were bought from Changsha Spring Energy Corporation.
Deionized water was used throughout the experiments.

Preparation of APSE. At room temperature, Pluronic F127
powders with different mass ratios were added into KOH solution
with various concentrations in sealed glass vials. To obtain transparent
APSE, the F127-KOH suspensions were placed in a −10 °C
environment for 30 min and then mixed by a glass bar manually for
30 s. This cooling and mixing step was conducted several times until
F127 powders completely dissolved in KOH solution.

Characterization and Electrochemical Detection. The sol−
gel transition temperature was measured by an electronic
thermometer (Honeywell). The contact angle test was conducted
by a digital microscope (Keyence VHX). A scanning electron
microscope (SEM, HITACHI, S-4800) was used to observe the
cross section of the electrolyte/electrode interface. The FTIR spectra
were obtained by a PerkinElmer Spectrum Two FTIR spectrometer
(PerkinElmer, Waltham, MA) were used in the attenuated total
internal reflection (ATR) mode for spectroscopic analyses of the
hydrogel samples. The wavelength resolution was set to 0.5 cm−1. All
scans were recorded from 3500 to 500 cm−1. XRD was tested using a
Rigaku SmartLab (Japan) in the range of 5−75°. The rheological
properties of the hydrogel were tested using a rheometer (TA
Instruments, Inc., AR-G2) with a 20 mm plates geometry. The pre-gel
ink was injected between geometry and sample stage. The geometry
was moving down until reaching a 1000 μm spacing to the sample
stage. By default, all tests were performed at Tstage = 25 °C and angular
frequency was maintained at 6.283 rad/s. To obtain the ionic
conductivity of the APSE, the hydrogel electrolyte was placed
between two stainless steel sheets over the frequency range of 0.01−
100 000 Hz with a magnitude of 10 mV (at OCV). The resistance R
(Ω) of the hydrogel with area S (cm2) and thickness h (cm) was the
value of the intersection of the curve at the real part. The ionic
conductivity can be calculated as h/(R × S). Also, the AC impedance
spectra of ZAB were measured in the frequency range of 0.01−
100 000 Hz with a magnitude of 10 mV (at OCV). The distance
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between two electrodes and the volume of APSE and KOH liquid
electrolyte are identical in the AC impedance testing of ZABs. The
above impedance tests were conducted by a Biologic SP-200
potentiostat and electrochemical workstation (CHI660E). The
galvanostatic charge measurements of the ZAB were carried out by
a Neware battery testing system. For the water retention capacity
evaluation, APSE was placed in the battery test model (an area of 3.14
cm2 and a height of 19 mm) without any coverage at 25 °C and a
relative humidity (RH) of 40%. The weight change rate was calculated
by Wcertain time/Winitial.
CO2 Exposure. ZABs with APSE and liquid KOH were placed in a

2 L plastic bag full of CO2, the number of moles of which is about 30
times that of KOH. After CO2 exposure for 24 h, AC impedance
spectra measurements were conducted.
Electrolyte/Electrode Interface Deformation. At room tem-

perature, the APSE-based ZAB (fabricated by a battery test model)
was taken apart and the electrolyte/electrode interface was
mechanically destroyed by a magnetic stir bar under stirring.
Therefore, the intact electrolyte/electrode interface became irregular
and loose, leading to a decrease in the actual reaction area. Then, the
destroyed battery was reassembled and a discharge test was
conducted. After placing the battery in a freezer (−10 °C) for 30
min to restore the damaged interface, the battery was kept in an
ambient environment for 30 min for the APSE to return to the intact
hydrogel state. A battery discharge test was then performed, and the
discharge current density was 1 mA/cm2.
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